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Chapter 1

Introduction

Nowadays, it is a renowned fact that the Universe shows an accelerating expansion. This
feature can be explained theoretically by introducing in the spacetime equations a small positive
cosmological constant A. However, within the framework of High Energy Theoretical Physics
and, in particular, of String Theory, which is the at the moment the only self-consistent theory
of quantum gravity, it is a real dilemma to find out a mechanism which can introduce such a
positive cosmological constant. To solve this problem, it should be useful to study the vacua
of low-energy effective theories of String Theory, namely Supergravity theories. While it is
fairly simple to generate vacua with a positive cosmological constant in minimal supergravity
models (which are generically difficult to lift to full stringy backgrounds), but there are almost
no examples of locally stable classical de Sitter vacua in extended models and also unstable ones
are quite rare. One possible way out is to consider quantum corrections. For instance a positive
cosmological constant could be generated by such corrections to a classical Minkowski vacuum.
Understanding when de Sitter critical points are obtainable in supergravity models with a clear
relation to string theory is especially interesting in connection with the recent conjecture [1] that
theories with positive energy critical points belong to the swampland, i.e. to the set of models
that do not admit a consistent ultraviolet completion in a quantum gravity theory. Finding even
a single counter-example would be enough to disprove the conjecture, while better understanding
the conditions underlying the lift of the value of the cosmological constant in effective theories

of string theory would help making the conjecture more robust.

There is another important aspect that makes quantum corrections of extended supergravities
interesting. General relativity is not renormalizable (it exhibits divergences at two-loop [2]|) and
its coupling to matter generically makes the situation worse, by introducing divergencies already
at one-loop in the perturbative expansion. However, when we consider supergravity theories
with extended supersymmetry, a very interesting feature comes out: these models are finite up
to higher loop orders. To be more precise, it is well known that N = 4 Supergravity is finite
up to three loops and it is believed that N = 8 Supergravity is also finite at least to seven
loops [3], although it might reveal to be finite at all orders. In particular, explicit calculations
in recent years have revealed the existence of hidden properties: in fact, infrared and ultraviolet

cancellations exhibit remarkable features, which are not only related to supersymmetry.

Thus, even though N = 8 and N = 4 models can not be used to obtain realistic phenomenol-
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ogy, understanding the conditions for their perturbative behaviour might help us understand if
there are still options available to build (perturbatively) finite quantum field theories of gravity,
or if the only option is to resort in string theory. One point we would like to stress is that, so far,
all these higher loop orders calculations have been made in the context of ungauged supergrav-
ity theories, where the background can be naturally taken to be flat and one can use standard
perturbation theory about Minkowski spacetime. Also supersymmetry is fully preserved in the
vacuum. However, supersymmetry can be broken spontaneously if we deform the theory by
gauging a subgroup of its global symmetries, also breaking some of the global symmetries, by
introducing new terms in the supersymmetry transformations and in the Lagrangian. The re-
sulting gauged supergravities still admit Minkowski vacua, which break partially or completely
supersymmetry. It is therefore interesting to study if the cancellations present in ungauged
supergravity models occur also in these models, in order to better understand if some hidden

symmetries play a role in these cancellations.

A recent paper following these lines [4] has shown that in N = 8 supergravities with arbitrary
gauging there are no ultraviolet divergences in the one-loop effective potential and, in addition,
there is no example of one-loop stable supersymmetry breaking vacuum with positive or vanishing
vacuum energy. However, the N = 8 theories are very constrained by supersymmetry, thus it is
even more interesting to study one-loop corrections in gauged N = 4 supergravities, where, in
addition to the choice of the gauging, the number of matter multiplets is arbitrary, in order to

better understand these hidden features.

Radiative corrections to the cosmological constant coincides with the value of the scalar
potential evaluated at the vacuum. It can be shown [5] that one-loop corrections to the scalar
potential can be written in terms of even powers of the supertrace of the mass matrices:

4 2 1

STrMv® + STrM? +

V(ge) = Vot 355 3272 6472

M2 1

where Vj is the classical potential, A is an ultraviolet cut-off and we defined the supertrace of

mass matrices as
STEM?™ = " (=1)*(2J; + Lym"

— Z(_l)ﬂk(ka + 1) Tr M2, (12)
k

where ¢ covers the whole spectrum of the theory under consideration, J; and m; are the spin

1
)’ 9
mass matrix is M. In particular, the second line applies to an arbitrary theory with gravitinos,

and the mass of the corresponding particle and £ = 0 1,% is the spin of particles, whose
gauge bosons, spin—% fermions and scalars. From we can read how M°, M? and M* control
quartic, quadratic and logarithmic divergences of the one-loop effective potential, respectively.
Finite corrections to the potential are managed by higher powers of the mass matrix. It is a
well-known result that in any theory with exact supersymmetry all supertraces vanish on any
Minkowski vacuum [6]. Therefore, we will require that supersymmetry is completely broken on

the vacuum.

STrMP is always field independent and it counts the number of bosonic degrees of freedom

minus the number of fermionic degrees. Then, it vanishes in any supersymmetric theory, where



supersymmetry is realized linearly and even if it is spontaneously broken at the vacuum. But,
in principle, there are no other reasons for which the supertraces of the quartic and quadratic
mass matrix vanish. In the paper [4], it is shown using the general formalism of N = 8 gauged
supergravities that the supertraces of the quadratic and the quartic mass matrices vanish at all

classical four-dimensional Minkowski vacua with completely broken N = 8 supergravity:
STrM? = STIM? =0 . (1.3)

This makes quantum corrections to the potential finite and make possible to generate a small
cosmological constant. The paper also takes into account the higher powers of the mass matrix.
Under few restrictions on the gauging, which include all the known gaugings that lead to classical

vacua with fully broken supersymmetry on a flat background, it is shown that
STIMS =0, STrM® > 0 (1.4)

and, as a consequence, that the effective one-loop potential is negative definite, which correspond

to Anti-de Sitter vacua.

Following this work, we are going to study radiative corrections to classical vacua with vanish-
ing cosmological constant which completely break supersymmetry in the case of four-dimensional

half-mazximal supergravity with arbitrary gaugings and different couplings of matter.

Since in N = 4 we have a free parameter n, which is the number of matter multiplets, in
principle one may expect that N = 4 calculations are more difficult than N = 8, which is
totally fixed by supersymmetry. Thus, we start this work with the hope that some unexpected
feature might simplify the whole calculations and higher power supertraces can be studied in the
general case. The results from the N = 8 tell us that quantum corrections to the potential in
N = 4 supergravities are finite in those cases which can be obtained as truncations of maximal
supergravity to half-maximal one. We will give more details at the end of this work, when all
the machinery will have been built and presented. Indeed, until now there does not exist in the
literature the complete Lagrangian for the N = 4 supergravities with general gauging. Thus, in
order to solve a part of the problem presented above, we need to provide a series of interaction
terms which have never been written. The final result of this work is that the quadratic divergence

of one-loop effective potential vanishes for any gauging and any number of matter multiplets.
We are going to present how this thesis is organized.

In the second chapter, we will show how effective potential is linked to the traces of the even
powers of mass matrices, displaying the well known computations by Coleman and Weinberg |[5|
in the most general case. The mechanism introduced in this famous paper is presented in the
case of a general non-renormalizable Yang-Mills theory. The final result will be generalized to

theories containing higher-spin particle with a very simple argument.

In the third chapter, the N = 4 supergravity is presented: we show which is the field content of
the theory, how these fields can be organized, supersymmetric field variations and some relevant
terms of the Lagrangian. In extended supergravity theories (N > 2) the scalars parametrize some
coset manifold, therefore in this chapter we will also introduce the formalism which is useful to

describe this type of sigma models.
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The fourth chapter contains a general review about how to gauge extended supergravity in
various dimensions, by introducing the so-called embedding tensor. Internal consistency of the
gauging and the preserving of supersymmetry require the embedding tensor to satisfy certain
constraints which are both linear and quadratic. Then we present the pure-bosonic Lagrangian,
which has already been found out in [7]. At this point we will introduce the T-tensor, whose
irreducible components properties will be widely studied in appendices [C] and [D] Fermion mass
matrices will be composed out of these tensors. Finally, a series a consistency relations between
scalar potential (which enters the theory when we gauge it) and T-tensor components will be
pointed out. A large use of group theory will help us to do all these calculations, which may

take weeks otherwise.

In the last chapter, the mass matrices of all the particles entering the theory will be written.
We will also evaluate the supertrace of quadratic mass matrix and we will find out that it turns
to be zero for arbitrary gaugings and number of matter multiplets n. This is the original result
of this work: we would have expected that it might vanish in those cases which are truncations

of N = 8 supergravities, but in principle there are no reasons this trace to be zero.

Most of the calculations which appear in the thesis imply the presence of multi-indices tensors
with their own symmetry properties. Thus, although they are mechanical, to face them by hand
will take a very long time and oversights are always lurking. Fortunately, the program Cadabra 8|

came to the aid and we made a large use of it.



Chapter 2

Radiative corrections to effective
potential

One-loop correntions to the vacuum energy in a general theory with scalars, spin—% fermions
and gauge bosons were computed first by Coleman and E. Weinberg in |5]. In the present chapter
we will present the general ideas of this computation, which will lead to a general formula in
terms of the mass matrices of the particles which are present in the theory. The main definitions
and the general formalism of generating functions, which we rely on, is reviewed in appendix [A]
We will give the general idea of the calculations, then present a sample computation in scalar

QFED and finally reviewed the general method.

In this work we are interested in quantum corrections to the pseudo-moduli space of a su-
persymmetric theory, i.e. the space of non supersymmetric vacua. Associated to this we find
massless scalar modes X, whose masses are not protected by any symmetry at the quantum
level. Therefore, we expect these fields to acquire a mass when we take into account quan-
tum corrections. At tree-level, the pseudo-moduli vacuum expectation value (X) labels physi-
cally inequivalent degenerate states and determines tree-level masses of the particles. The gen-
eral result of Coleman-Weinberg computations can be explained schematically [9]: when we
quantize the bosonic harmonic oscillator, the energy of the ground state gets a contribution
%hw = %hm , while it gets the same contribution with an opposite sign for each fermionic
mode. We sum over all particles and their spin states and introduce a cut-off A for momenta.
Thus we have terms which diverge quadratically and logarithmically, which are proportional
respectively to the quadratic and quartic supertrace of mass matrices, i.e. the sum of traces of
mass matrices times the number of spin states number of each particle (with a sign minus for
fermion masses). Finite corrections are proportional to higher powers of these supertraces: these
tell us whether quantum corrections are positive or negative, that is whether they generate de

Sitter or anti-de Sitter vacua when coupled to gravity.

2.1 Effective potential and loop expansion

Let us consider a general theory whose Lagrangian we denote with £(¢,,d¢,), where the

r-index stands for a generic set of Lorentz and internal indices of the fields. Then the classical

9



10 CHAPTER 2. RADIATIVE CORRECTIONS TO EFFECTIVE POTENTIAL

field configuration is set by extremizing the classical action

I[¢] = / d*z L(¢r, 0¢r) - (2.1.1)

The Lagrangian generically contains kinetic terms of the fields, some interaction term and a
scalar potential, which is a particular case of self-interacting terms that concerns only scalar
fields. The relevance of the scalar potential becomes already clear at semi-classical level, since
it determines the vacuum of the theory: by definition the vacuum is the state which minimizes
the energy and has to be maximally symmetric. In particular, we are interested in vacua with
vanishing cosmological constant

A=0, (2.1.2)

which are Poincaré invariant. Lorentz invariance, in particular, requires that expectation values

of fermionic and bosonic fields are zero (the same holds in maximally symmetric vacua):

() = (¥) ={4,) =0. (2.1.3)

Translation invariance requires that fields are constant on the vacuum, or equivalently have zero
momentum in Fourier space. Thus the vacuum of the theory is totally fixed by the value of

(¢), for which the scalar potential is on its minimum (we are not considering boson and fermion

condensates (A,A*) # 0 or <1MJ> #0).

This non-vanishing expectation value may produce spontaneous symmetry breaking: i.e. we

define a new scalar fields which vanish expectation value on the vacuum

¢ =0—1(9), (2.1.4)

and rewrite the action I[¢,] in terms of ¢'. If I[¢,] was manifestly invariant under the linear
action of some symmetry, it is possible that the new action is not, that is the symmetry is no
longer realized linearly. However (¢), which minimizes scalar potential, determines only the
classical vacuum of the theory: the true vacuum receives can be found if we take into account
radiative corrections, because at quantum level the potential achieves additional terms, as we are
going to show. In some theories, classical scalar potential is not present, or it does not produce a
non-vanishing scalar expectation value. The idea of Coleman and Weinberg [5] was that quantum
corrections may produce SSB (spontaneous symmetry breaking) in theories for which the semi-
classical (tree) approximation does not indicate such breakdown. The simplest realistic model
in which this phenomenon occurs is the electrodynamics of scalar massless mesons: SSB occurs
at quantum level and the theory becomes that of a massive vector interacting with a massive
scalar meson. We will deal with this theory in the following section. Although it is simple, the
example mentioned shows all the main features of calculations in a generic non-abelian theory
(either renormalizable or not), which will follow in a natural way by generalization to more fields

and with fermions.

In appendix [A] we show how to construct the quantum action in terms of the so-called classical

field
06w 0),
= ey,

(2.1.5)
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which has the form

Z(pe . o
o] = /d4:U [—Veff(gbc) + (2¢ )Gﬂgbcﬁ’*d)c + (higher order derivative) + (other ﬁelds)] ,
(2.1.6)
where Vg (¢.) is the new effective potential
Vet (¢c) = V(¢c) + quantum corrections . (2.1.7)

In particular, the effective potential can be written as the sum of proper vertices functions

Vigr () = iZ%if‘(”)(O,...,O) , (2.1.8)

n

where T'(™) (p1,...,pn) are l-particle irreducible connected Green’s functions in Fourier space,

with n external scalar lines.

The scalar vacuum expectation value (¢) is determined by

dVeg
d¢ ¢c:<¢>

—0, (2.1.9)

with the further requirement that it is a minimum, in order to have stability of the vacuum state.

The idea of the original paper [5| was to calculate the effective potential in loop expansion,

which can be demonstrated to be equivalent to h expansion:
V(¢.) = tree graphs + one closed loop graphs + O(ﬁQ) . (2.1.10)

Let us introduce A in a new Lagrangian L'(¢, ¢, h), as it appears in the definition of the gener-

ating functional (A.3)),

&(.00,m) = X200 (2.1.11)

and expand it in powers of . The power of h, H, associated with any graph is
H=1-V, (2.1.12)

where I is the number of internal lines and V' the number of vertices in the graph. The propagator
is, indeed, the inverse of the differential operator occurring in the quadratic term of £’, while
the vertices carry a factor A~! (there are no propagators due to external lines attached to proper

vertices). The number of loops L is the number of unconstrained momenta, i.e.
L=1-V+1, (2.1.13)

because each vertex carries a % in the momentum space (at each vertex four-momentum has to

be conserved) and we have to exclude the conservation of over-all momentum. Therefore
H=L-1. (2.1.14)

This expansion is unaffected by the shift of the fields because the parameter A~ multiplies the

total Lagrangian density.
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2.2 Sample computations - Massless scalar electrodynamics

We will show how computations work in the following simple case, which captures the main

features of this procedure appearing also in more complicated models.

Let us consider the Lagrangian density of massless scalar electrodynamics

1 A 2
LSQED = _1 (F,UJ/)Q + (D,uQD)T (Dﬂ(p) - ? (()OTSO) ;

where ¢ is a complex scalar, D, is the gauge covariant derivative
D, =0, —ied, ,
A, is the gauge boson field and F),, is its field strength
Fu:=0,A, —0,A, .

Let us write the complex field ¢ in terms of two real fields ¢; and ¢o
_ P +ig
=

and rewrite (2.2.1)) in terms of these new fields:

1

Lsqep = —7

A
1 F )+ 5 @1 — eAubn)? + 5 Oubn — eAudn)* = 3 (027 +02%)°

If we quantize the photon field in Landau gauge, the Feynman rules for this model are

i
*~--—--—-- o = ,

k2 4 i€
" e~~~y — —L Ny — %
k k2 +de "M k2 ’
o) b2
N ’
\\\(// B
= —7 — s
P N 3
e N
1 b1
o1 (d2) o1 (d2)
N ,
N ,
N4 S92 v
/“k\_\ = 2e gt
i v
bi bi
\
\\\ //’
« = —1A.

(2.2.1)

(2.2.2)

(2.2.3)

(2.2.4)

(2.2.5)

(2.2.6)

(2.2.7)

(2.2.8)

(2.2.9)

(2.2.10)
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We will not consider vertices between ¢1, ¢2 and A,

(2.2.11)

=

because they depend on the momentum of one of the two scalars. Indeed, we are working
with external scalars with zero momenta, therefore the momenta of the photon and of the re-
maining scalar running around the loop are opposite and the contraction of internal momentum
(coming from the vertex) with photon propagator in Landau gauge is zero.

The effective potential can only depend on ¢? := ¢? + ¢2. Then we can calculate graphs with ¢

external lines only and replace ¢12 with #? in the final result.

By symmetry considerations, we know that only graphs with an even number of external lines
are not zero. To the lowest order the only 1PI connected graphs contributing are the vertices,
thus

V(de) = % (012 + ¢22)" + 0(h) . (2.2.12)

The effective potential at one-loop contains all the interactions of the scalars (quadratic, quartic,
septic, and so on, with one loop), as it can be read from ([2.1.8), and we have an infinite series
of polygonal graphs:

where internal lines can be either vectors or scalars, and external lines are scalars only.

The first vacuum diagram gives always the contribution

d*k 1 A A4
T :/ - / dkk® = 2.2.13
! 20t 872 J 3972 ( )

which is a field independent result. We have to multiply it for the number of bosonic degrees

of freedom. Fermions contribute with a minus sign, due to fermionic loop. However this is a
constant correction, thus in ordinary Yang-Mills field theories with a Minkowski background can
be eliminated by redefining the scalar potential. Nevertheless, in the following chapters we will
deal with supergravity theories and this arguments is no longer valid. Supersymmetry comes to
the aid: indeed, as we said this correction only depends on the spectrum of the theory and in
supersymmetric theories bosonic and fermionic degrees of freedom are always equal, no matter
whether the vacuum breaks SUSY or not. Therefore, in what follows we will always ignore this

term.

There are three types of graphs to compute: those with either ¢, ¢2 or A, running around

the polygonal loops. Thus the proper vertices are
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, , ,
| \\\1’/ \\\1 / \\\1 ’
. 1 (2n)! N N
ZF(2")=2n(2n) o1\ ,‘D + ¢\ ,‘D +AQ>
//TL\\ //TL\\ //TL\\
,/ \ ,/ \ ,/ \ (2.2.14)

' | G [ (5) rse]

where the 1/2n is the symmetry factor due to the internal lines of the diagrams (the number of
symmetries of a polygon with n non-oriented sides is 2n) and (2n)!/2" are the permutations of
external lines, except for the exchange of scalars at the same vertex. Coefficients 1/3 and 2 of
the second and third types of graphs respectively come from the vertices, while a coefficient 3 of

the third type comes from the trace of Lorentz indices on n photon propagator numerators:

ok, \"
Tr (nuy— ’];2) =3, (2.2.15)

which is the number of degrees of freedom of a massive vector.

Now we write the potential in powers of A
A
V(9e) = Jy0e +hVi(oe) + 0(h?) . (2.2.16)

Remembering relation (2.1.8)), at one loop the three types of graphs give

Vi(¢e) ZiEcﬁ?"/ (gjrl; ;n(ijie)n [(2;\>H+3(62)n] : (2.2.17)

Let us solve explicitly the integral for the first term in the right hand side, since the second

follows trivially. The first steps are a Wick rotation and the exchange of momentum integral and

summation:
1 [ d*p = (=)™ /2ap2\" )
Vi(ge) = = ¢ O , 2.2.18
00 =3 [ Gop 2 T (i) o) (2:2.18)
where we recognize the Taylor expansion of the logarithm:
V(¢)—1/d4kElo | 2 +0(e?) (2.2.19)

Now we introduce an ultraviolet cut-off A:

| NP2 2
Vi(pe) = 167r2/0 dk k3 log <1+ T ) +0(e?)

A2 N2t 22 1
A2 c c c = 2
=AM R T e 3he 5) T0()

where we have thrown away terms that vanish as A goes to infinity.

(2.2.20)

Including O(ez) terms, the final expression is

A% [2) A2 22002 1 3et e2¢? 1
Vi(ge) = —— | = + 3¢* | ¢? 4 (log ==2¢ — = A log—=< — =) . (2221
o) = 35 ( g ¢ >¢C+1447r2¢c <°g 372 2>+64772¢C %8 x5 ) - (2221
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2.3 Effective potential in general theories

We are going to compute one-loop corrections to the effective potential of the most general
gauge field theory. We always keep in mind the renormalizable interaction, but what we are
going to say is also valid in general. The final expression can be obtained in terms of traces
of certain matrices constructed from the coupling constants of the theory. In particular, these
are tree-level mass matrices of the fields which are functions of vacuum expectation values of

the scalars. The Lagrangian density involves a set of real spinless boson fields ¢;, a set of Dirac

a

1> where 7 and a are the indices of the representations of

fields ; and a set of gauge bosons A
the gauge group.

The interactions of the scalars are quartic self-interactions, Yukawa couplings with fermions
and minimal gauge-invariant couplings with vector fields. If we choose Landau gauge, the only
diagrams contributing to radiative corrections are polygon graphs with either spinless bosons,
fermions or gauge bosons running around the loops. Ghost fields do not directly couple at one
loop with spinless fields. The effective potential will be the sum of the classical potential and

quantum corrections from boson and fermion loops
V=W+h(Vi+V;+V,), (2.3.1)

with an obvious notation for subscripts.

Let us start with the scalar interactions. The Lagrangian density in this case is

Ls=~-Vo(9) , (2.3.2)
then the Feynman rule becomes
¢a ¢b
N ’
N ’
AN Ve
\ . 0
« = —i— 2.3.3
AN 56136;00200, (23.3)
4 N
7
b ?;

where, for convention, the scalars 7, j are externals and a, b are those running around the loops.
For each vertex there are two fields attached ¢; and ¢;: if i = j the factor 2 coming from the
derivatives is compensate by the factor 1/2 due to the indistinctness of the two bosons at the

same vertex. Thus, in the calculations that follow, we have to consider the matrix V, defined by

52V
Vab o 5§[)a(5¢)b7

which is real and symmetric and it is a function of the scalar fields ¢;. Proper vertices are

(2.3.4)

\ ’
\\1,’
“< 1 TI'Vn
T — 7y = —(n))— 2.3.5
7 ‘\/(, 2n( n) (k2+26)n ( )
nN
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Furthermore there exists an orthogonal matrix O, such that OTO = I and OTVO = D is

diagonal. The one-loop correction becomes

[e.e]

Vi(6e) ’/d4k§:1 L poyn (2.3.6)
=i | —— ——————Tr . .3.
s\¥c (27T)4 — n (k‘2 + ie)”

Using the properties of the trace we can do the calculation using the diagonal matrix D, instead

of V. In this way it is easy to sum and integrate and then come back to V:

2

Vale) = 3 TV(8) + g T ( (6)? log XSC))—H;FQ V(6.  (237)

The term of the Lagrangian density which contributes to the correction due to gluon fields is

= % D M?a($) AL AR (2.3.8)

where M?,;(¢) is a symmetric and real matrix (the position of the indices a and b is meaningless).

Its general form is
M?(9) = gugp T T} 016k (2.3.9)

where T3 and TZZ; are the generators of infinitesimal transformations of the gauge group, g, and
gy are the coupling constants (in the general case, if the gauge group is not simple, they can be

different). The Feynman rule for the vertex is

e e

K e 2310

and computations are straightforward:

i = Q D (/{;2 ze) y (2311)
/n\

3/\2 M?(¢)

T(M2(¢C)210g v ) 12;2 TrM2(g)% . (2.3.12)

Vyg(¢e) = (¢c) +

6472
It is identical to the previous case, except for the coefficient 3 overall coming from the Lorentz
traces of propagators. Let us just notice that the degrees of freedom of a massive bosons are

three. This aspect will soon assume a fundamental role.

The last case we are considering is the most general Yukawa coupling:

=D mi (@i (2.3.13)
ij
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where m(¢) is a matrix in Dirac space and internal space. In particular, we can decompose it as

mij(¢) = Aij ()L + iBij(0)y° (2.3.14)

where v° = 79914243 is the hermitian Dirac fifth gamma matrix, A and B are hermitian

matrices in the internal space. Thus, we can diagonalize them by a unitary transformation and

calculations are the same as in the previous case. The Feynman rules are

i

bi bj (2.3.16)
\\u/ = —imyi(¢c) - (2.3.17)

|

|
be (2.3.18)

Since the fermion propagators are massless, only graphs with an even number of internal fermions
contribute to the sum. Indeed, using (2.3.14]), hermiticity of A and B and the commutation rules
{y*,4%} = 0 we have

..]—Tr[...mm...] : (2.3.19)

and ) .
Tr 75] =Tr H =0, 2.3.20
i F (2:3:20)
where the trace runs over both internal and Dirac indices. The polygonal loops of fermions have

oriented sides, thus we do not have reflection symmetry any more. A factor 1/2 comes from the

sum over the even terms only, thus

0 = OD 5 (2n) 'Tr< ;)n (2.3.21)

2n
and the final contribution to the potential is
mm’

A? 1 1
T T

Vi(¢e) = —

where an overall minus sign comes from fermion loops. This sign is the main difference with
respect to the bosonic case: fermion loops can compensate the bosonic radiative corrections.
If we are considering Majorana fermions, instead of Dirac, we recover reflection symmetry of
polygonal loops and an overall 1/2 factor has to be added.

We can also consider Weyl fermions

YLR = PLRY , (2.3.23)
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where 1 is a Dirac fermion and Pgr and Py, are the chiral projectors:

I 5
PLR = 3'227 . (2.3.24)
It is possible to decompose m(¢) (2.3.14]) in an alternative way:
m(¢) = my(¢)PL + mg(¢)Pr . (2.3.25)

If we are considering one loop contribution of Weyl spinors, only one of these two terms is not

null, because of the projectors. Then the trace over Dirac indices gives an overall factor
TrP,=TrPr =2, (2.3.26)
which are the degrees of freedom of a Weyl spinor.

It can be noted that all calculations we have done are also valid in a non-renormalizable
theory, since we have not used this assumption in the calculations. Furthermore, when we sum

(2.3.7), (2.3.12)) and (2.3.22)) (for Weyl fermions) the final result can be written as

4 2 1

TrMO TrM?
3220 DM+ oo 5 STEME + o

2
1
V(ge) = Vo + STr (M4 log M ) STrM* |, (2.3.27)

A2 ) 12872
where STrM?"(¢,) is the supertrace over internal indices of mass matrices:

STEM?" = Tr V* — 2 Trm¥" + 3 Tr M?" | (2.3.28)

where the notation adopted is an obvious simplification of the previous one and H denotes the
helicity of the Weyl fermion. The result is very general, indeed we can include particles with
higher-spin, like gravitinos. In the general case the supertrace is defined as
STV = (=1)* (27, + 1) Tr M7 (2.3.29)
%
where J; are the spins of the particles (2J; + 1 its degrees of freedom) and M?h their mass
matrices. In (2.3.27), we also included the contribution of vacuum diagrams STrM° (2.2.13),

which counts the degree of freedom of the theory:
STIM® = ns — 2nf + 3n, , (2.3.30)
where ng, ng, n, are the number of scalars, fermions and vectors entering the theory.

We can justify this general formula as mentioned in the introduction of this chapter, that is
summing over momenta and spin configurations of bosonic and fermionic harmonic oscillators

ground states.

3
Vi(X) = Z(—l)F/ (;17:;3; k2 +m2(X) , (2.3.31)

where (—1)F is 41 for bosons and —1 for fermions and we are summing over all particles and
their spin states. Although we present this formula from qualitative physical consideration, it

can be proved [10] in a rigorous way. We introduce a cut-off II for the three-momentum k.

oo = G0 [k
- Z (3_2;); [k\/k'z +m2(2k* + m?) — m} log <\/k§2 +m? + k)]
_Z ;

(—1)F 4 o2 , 1 4 m; 1
T4 + 22112 + —m? [ log i 4 =
3072 temtromi (s m Ty )|

(2.3.32)

II
0
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where in the last step we have take the limit IT > m;.

Thus, we can notice that the structure of this schematic quantum correction is exactly the
same as , because the sum over spin states gives the coefficient 2J; + 1. Nevertheless,
numerical coefficients are different. However this is an expected feature since in the formula we
have just written appears a three-momentum cut-off, while in A is a four-momentum
cut-off in euclidean space. Coefficients of polynomial terms in II (or A) and m; depend on the
regularization scheme that we have chosen and the relation between two different schemes is
usually non-trivial. The only coefficient, which does not depend on the regularization scheme, is
that of m? log m% and, indeed, it coincides in the two formulae. The coefficients of the other terms
are meaningless: we are considering theories coupled with gravity which are not renormalizable,
then all the divergences have to disappear. That is the supertraces of quadratic and quartic mass

matrix must be zero, in order the theories to be self-consistent.
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Chapter 3

D=4 N=4 Supergravity

N = 4 pure supegravities in four dimensons were constructed in the seventies |11-14], and
within the following dacade the coupling of vector multiples to these theories and some of their
gaugings were worked out [15-19]. In the following chapter, we will present the field content of
the theory and the ungauged version of N = 4 supergravity in D = 4, with an arbitrary number
n of vector multiples. In particular, we will focus on few terms, that are crucial for the study of

mass terms in gauged theories.

3.1 D=4 N=4 Supergravity fields content

The fields content of N = 4 pure supergravity in four dimensions can be organized in the

so called gravity multiplet, which contains the metric g,, (or equivalently the vierbein €y, with

a flat space-time index), four gravitinos v, six massless vectors Ay, four spin-1 /2 fermions x*

i
and one complex scalar 7, where ¢ = 1.. Z is a complex SU(4)-index and m = 1...6 is a real
SO(6)-index (as it will be clarified in the following sections). The only N = 4 matter multiplet
available is the vector multiplet [20,21]|, which contains a massless gauge field, four massless
spin-1/2 fermions and six real scalars. We are going to consider n vector multiplets, thus the
fields will be organized as follows: the gauge fields A}, (a = 1...n is a real SO(n)-index), the
fermions A\, and the scalars ¢,
‘ Spin-0 ‘ Spin—% ‘ Spin-1 ‘ Spin—% ‘ Spin-2
Gravity multliplet 2 4 6 4 1
Matter multiplet 6 4 1 0 0

The Lagrangian of the ungauged theory is totally fixed by supersymmetry and, in particular,
the bosonic Lagrangian is highly constrained by the structure of an underlying global symmetry
group G = SL(2,R) x SO(6,n). In the rest of this section, we will present how the global

symmetry group G determines the ungauged Lagrangian.

21
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3.2 Scalar sectors

The scalars 7 and ¢*9) are described by non-linear sigma models, i.e. they are coordinates
of non-compact Riemannian differiential manifolds, target spaces, with dimensions 2 and 6n,
respectively:

Ls.kin = _ggstauqssapd)t - ggxyaugbmaugby ; (321)

where s = 1,2 and = 1...6n are curved indices of the two scalar manifolds, gs and g, are
their metrics and ¢%, ¢® some coordinates. The consistent coupling of the scalar fields to vectors
and fermions, for a given amount of supersymmetry, requires restrictions on the scalar manifolds
and additional structures defined on it. In particular, combined scalar-fermion and scalar-vector
couplings with extended supergravity promote the isometry group of scalar manifolds to a global
symmetry of the field equations of motion and Bianchi identities. Furthermore, the target spaces
have to be homogeneous and symmetric in the case of theories with large enough supersymmetry,
N > 2|22]: namely, they are coset spaces of the form G/H with G semisimple and H its mazimal
compact subgroup. In D = 4, N = 4 supergravity scalar fields are described by
SL(2,R) " SO(6,n)
SO(2) SO(6) x SO(n)

(3.2.2)

It is convenient to formulate these sigma-models G/H in terms of a G-valued matrix repre-

sentative L (¢) (¢’s are coordinates of scalar manifold) and a left-invariant current
J=L1dL €g, (3.2.3)

where g = Lie(G). Under a left multiplication by g € G, L (¢) is in general carried into another

coset with representative element L (¢') = L (g x ¢) (where g* denotes a non-linear action of g
on ¢):
gL (¢) =L (¢) I, (3.2.4)

where h € H and ¢’ are functions of g and ¢.

J can be decomposed according to
J=Q+ P, Qeb, Pet, (3.2.5)

where h = Lie(H) and ¢ denotes its complement, the set of the coset generators, i.e. g =14 L £

The generators algebra satisfies

[b.b] Ch, b, ¢ Ct, &€ Ch, (3.2.6)

where the first condition comes from the fact that H is a group and the third is the definition
of symmetric coset spaces. The second is a consequence of an appropriate choice of the basis of

generators.

Let us show how P and @ transform under the action of a global G transformation on the

left and a local H compensation on the right:

J(¢) =L (¢)dL(¢') =hJ (¢)h ' + hdh ™", (3.2.7)
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thus
P(¢)=hP(¢)n7",  Q(¢) =hQ(¢)h " +hdh ", (3.2.8)

showing that () is a composite connection which acts as a gauge field under H. The current P on
the other hand transforms in the adjoint representation of H and it is a vielbein on G/H. Since
Q is the H-connection, it has to be carefully inserted in the covariant derivative of fermionic

fields, which transform linearly under the local H symmetry, and scalar field matrices L:
DL=dL—-LQ=LP. (3.2.9)

The vielbein P can be used to construct H-invariant interaction terms of the action between

scalars and fermions and builds the G-invariant kinetic term
e
Lsain = —5 Tr P, P" (3.2.10)

where

P,=J,—Qu=L"9,L-Q,. (3.2.11)

The local H-symmetry is not a gauge symmetry associating with propagating gauge fields (Q
is a composite connection), but simply takes care of the redundancy in parametrizing the coset
space G/H:

# of scalars = dim% = dimG — dimH . (3.2.12)

In order to construct the full supersymmetric action of the theory, it is most convenient to

formulate the theory in terms of manifestly H-invariant objects:
M = LALT | (3.2.13)

where A is a constant H-invariant positive definite matrix (for both our coset spaces A is simply

the identity matrix). Thus the Lagrangian (3.2.10) can be written as
1
Lskin = % T‘rauMauM_l , (3214)

with a proper normalization constant 1/k.

3.2.1 SL(2)/SO(2) scalar sector

Let us now apply the general procedure to the scalars entering our theory. We start from the
SL(2)/S0O(2), which is the simplest non-trivial coset space.

We can work in the fundamental representation of SL(2) and choose the following basis of

5[(2):{01,1'02,03}:{((1) é)(_ol é)(é _01>}. (3.2.15)

The isotropy algebra is

generators:

s0(2) = {J} = {—ic?}, (3.2.16)

while its orthogonal complement is spanned by symmetric traceless matrices:

t={K, Ko} = {ot,0%} . (3.2.17)
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Let us define the solvable parametrization by writing the decomposition s((2) = s0(2) & 8, with

8 a solvable subalgebra which consists of the following upper-triangular generators:
§={o3 0"}, o =o' +ioc?. (3.2.18)
This defines the solvable parametrization ¢* = (i, ), in which the coset representatives have

ot oot _ (1 X e 0
V=eX"¢ _<O 1>(0 i (3.2.19)

The vielbein and connection one-forms are

the following form:

VAV = PPK, +QJ (3.2.20)
where 20 2
Pl=dp, P2:€2 dy , Q262 dy , (3.2.21)
and the metric reads )
ds? = 2d¢? + 56—4%;(2 : (3.2.22)

The matrix M for this model can be computed from (3.2.13) with A = Iy, and it is mostly

compact expressed in terms of the complex scalar field

T =x+ie?¥ (3.2.23)
with Im 7 > 0, giving rise to
1 [|7]* Rer
Mg — 2.24
" Imr <Re7' 1 ) ’ (8 )

where a, f = +, — are SL(2)-indices. The first term of kinetic Lagrangian (3.2.1) take the form

1

1
* AW — 123 _ _490 H 22
Tz 0T 0T = =009 — 2T, X"y, (3.225)

_ 1
€ 1'C‘sl.kin = éa,uMoz,Ba'uMaﬂ = -

where M®? is the inverse matrix of Mg:

1 1 —Rer
af _
M Im7‘<— Rer ‘7’|2 ) . (3.2.26)

The SL(2) symmetry action on Mg

M = gMg" | g= <‘C‘ Z) € SL(2) (3.2.27)
acts on 7 as a Mobius transformation 7 — %.

When we will couple SL(2)/SO(2) scalars with fermions, it will be crucial to introduce a
SL(2)-covariant notation. Namely, it is necessary to introduce a complex SL(2)-vector V,,

which carries under local U(1) a charge +1:

v, = (Z) . (3.2.28)

The redundant degree of freedom of V, is fixed by requiring the following equation to be valid:

Mas = Re (Vo V) . (3.2.29)
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Thus it easy to show the following relations are valid:

_ vl
" 6] (

which is, by conventionEL Imvy*¢ = 1, which is a SL(2)-invariant request. Furthermore, it is

Imy*¢)? = [¢%|6 — (Rev™¢)> =1,  (3.2.30)

Imr =

pg*

easy to prove that

R S R

ReT:$—¢¢*:E—I—¢¢*. (3.2.31)
The symmetric real positive defined matrix M,z can be written asﬂ
Mog = VoV +i€ag (3.2.32)
and its inverse is
MP = VPN s . (3.2.33)
Consistently, we define an upper SL(2)-index as follows:
Ve = PV, (3.2.34)
It can be noted that M,z acts on V,, similarly to a metric:
MoV =iVg . (3.2.35)
The U(1)-connection and the vielbein are
Qs = —%eaﬂvaasvg N %eaﬁvaasvﬁ , (3.2.36)

which are imaginary and complex quantities, respectively. Straightforwardly, covariant deriva-

tives are
DsVy = (0s — Qs) Vo = PV, | DV, = (0s + Qs) V., = PV, (3.2.37)

and
DsMa,B = PSVZVE’ + Ps*vavﬁ . (3238)

The metric of the scalar manifold is

while the Maurer-Cartan equations become
3.2.2 SO(6,n)/SO(6)xSO(n) scalar sector

We choose the metric of SO(6,n) to be

nun =nun = diag (-1,-1,-1,-1,-1,-1,1,...,1) , (3.2.41)

!This convention accords to the one adopted in [16] and [7], provided that in the former we substitute ¢ — .
2For the epsilon tensor €ap We Use €4 = €'~ = 1 which yields eom,eﬁ7 =65,
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where M,N =1...6+nand M,N = 1...6 +n are SO(6,n) and SO(6) x SO(n) indices,
respectively, in the fundamental representations. We recall that SU(4) is the covering group of
SO(6), thus at the level of the present work can be considered as the same, SO(6) ~ SU(4).

The scalar coset is described by representatives L that transform under global SO(6,n) from
the left and local composite SO(6) x SO(n) ~ SU(4) x SO(n) from the right:

L = gLh, LM = (L™ Ly = (LMW],LM“) , (3.2.42)

where g € SO(6,n), h = h (¢) € SO(6) x SO(n) and indices are those introduced in section [3.1]
Thus, M can be decomposed into the fundamentals 6 of SO(6) and n of SO(n), or equivalently
into the 6 (the antisymmetric part of 4 x 4) of SU(4) and n of SO(n).

L M[ij Vs subject to the pseudo-reality constraint

Lagi; = (LM”> = el (3.2.43)
and the normalization of the map L;,™ — Lé\{[ is fixed such that
Ly™Lym = —Ly™Ly™ =Ly Ly,; - (3.2.44)

Using the symmetry properties of L Mij matrix, it is straightforward to show that

. 1 . 1 . , ‘ .
Lo * vy = 79 L™ Lvyia gemnu LV LT = —o0 Ly LT (3.2.45)
L MM is a SO(6,n)-matrix, thus its inverse can be defined as follows:

_ _ M
L t=nLTy, (LY, ="V punLY (3.2.46)

that is
LML M =0y (3.2.47)

Following the normalization prescription , we find
LMLym=or = LMLy = —i6y LML, =68 . (3.2.48)
In terms of (L Mij , L M“), the orthogonality condition for SO(6,n) matrix L MM becomes
— Ly Lyij + Lay®Ly® = nun (3.2.49)

where 77 is the constant tensor introduced in (3.2.41]).

This coset space can be also parametrized by a symmetric positive defined matrix M. For
SO(6,n)/SO(6) x SO(n), the invariant matrix in (3.2.13) is A = dy v and M = LL™:

MpysN acts on LMM similarly to the metric nasn:

MynLM = LY, My LM = Ly® . (3.2.51)
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We denote its inverse M ~1 = nMn by

MMN — pMPpNQ Ny (3.2.52)

The vielbein on the coset space and the composite SU(4) x SO(n)-connection are determined

from
L7'0,L = P, WIT, 0 + Q% Ty + Q% Ty (3.2.53)

where (Tab, Tij ) are the generators of the Lie algebra su(4) x so(n) and T,;; denotes generators

of the coset part of the Lie algebra s0(6,n). More precisely,

P

M M M M
o =Ly Doy~ Py"=-P "y, (3.2.54)

N x N

are the vielbein on SO(6,n)/SO(6) x SO(n) scalar manifold. The vielbeins are covariantly

constant with respect to the full covariant derivative:

DyP,"1 = 0,P," — T2, P,V — Q,"P," — Q'P,"* —Q,,/P,"* = 0. (3.2.55)

Ty* z

The metric of the scalar manifold is given by
_1
2

and the differential equations satisfied by the coset representatives are

PINMP MU _ anijp a (3.2.56)

Gzy y Yy ij o

D,L = LP, D.LyM =L,NP M (3.2.57)
D,L '=-P. L', DoLy™M =L MP Y (3.2.58)

which in components read

DyLy = P," Ly (3.2.59)
D,L,” = P,Y% L, (3.2.60)
D, LM =P, "L M, (3.2.61)
D, LM = p aif M (3.2.62)

What follows from these equations is the relation
Do Myn =2 (Lp "Ly + Ly®Lygij) P (3.2.63)
The inverse of the vielbein is defined via
PP = o08sk — My P,eiprh, = §bslisi (3.2.64)
The kinetic term for these scalars is
L2 xin = %a,uMMNa'uMMN : (3.2.65)
We also define a scalar dependent completely antisymmetric tensor

MMNPQRS = GmnopqrLMmLNnLPOLQpLRqLST
g (3.2.66)
_ _2i€ijps€qut€mnruL[Mw LNlePanQPqLRrsLS]tu ’
which will be useful to express in a compact way the scalar potential, when gauging the theory
(ambiguous indices are SO(6) in first line and SU(4) in the second).
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3.3 Vector sector and 2-forms

In four dimensions there is a duality between 1-forms and 1-forms, such that these appear
in pairs of which only the first half enters in the Lagrangian and carries propagating degrees of

freedom, while the second half is defined as their on-shell duals |23].

In N = 4 D = 4 supergravity multiplets carry 6 + n vector fields which show up in the
Lagrangian, but it is only together with their 6 + n duals that they are in the fundamental
representation (2,6 + n) of SL(2) x SO(6,n) C Sp(12+n,12+n). Let us define the symplectic
form Q preserved by Sp(12 + n, 12 + n) introducing a composite index M = (a, M)

Ovin = €agnMN QW = eaﬁnMN . (3.3.1)

The existence of this symplectic form is a general feature of four-dimensional gauge theories.
Every decomposition Aﬁ/l = (Aﬁ, AMA) such that

OAF QA 0 I
QN = (QAE e ) = \1 0 (3.3.2)
provides a consistent split into an equal number of electric Aﬁ and magnetic A, vector fields.
That is the ungauged theory can be formulated such that the electric fields Aﬁ appear in the
Lagrangian while their dual magnetic fields A, are only introduced on-shell. Such a decom-

position is called a symplectic frame. Every two symplectic frames are related by a symplectic

rotation.

For the vector fields of the theory one can choose a symplectic frame such that the subgroup
SO(1,1) x SO(6,n) is realized off-shell. The electric vector fields Aﬁ/l o~ (A7, A%) form a
vector under SO(6,n) and carry charge +1 under SO(1,1). Their magnetic duals Afy ~ carry
a SO(1,1) charge —1. Together they constitute an SL(2) vector Ai‘fa = (Aﬁ/["’,Aﬁ/[_). The

kinetic term of the vectors is Fl
1 1
e Lykin = = Im T My F PPN 4 g Re Tune™ P TR (3.3.3)

where Flﬁ\,/f+ = 26[/“4% * is the abelian field-strength of Aﬁ/l +,
As said above, only F' é\,/;“r enters the Lagrangian, but F/% ~ appears in the equations of motion.
To express the latter it is also useful to define the following combination of the electric field

strength:

M+ _— pM+
G, =L,

0Ly
M- _ -1, MN kin
G,U»V e n 5uupaw (334)

1
= =5 Eupo I T MM N p L — Rer Fy™

The equations of motion for the electric vectors in the lowest order in the fields take the form

8[HG% ]_ = 0 (the full field equations receive higher-order terms in the fermions). Introducing

0123 __ _—1

3Space-time metric has signature (=, 4+, +,+) and Levi-Civita is a proper space-time tensor, i.e. € e -,

£€0123 = —€.
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consistently by hand F, % T = G%_ (these will be equations of motion for 2-forms in the gauged
theory), G%,a and F, %O‘ are on-shell identical and SL(2) x SO(6,n) is a global symmetry group

of equation of motions.

In the ungauged theory, 2-forms are only introduced on-shell, according to our description,
and they are dual to the scalars. We introduce them because they will be fundamental when
we will gauge the theory. 2-forms transform in the adjoint representation of SL(2) x SO(6,n)
and since the group has two factors there are also two kinds of 2-form fields, namely BL]\;[N] and
Bfflfﬁ ), Indeed, due to the non-linear couplings of the scalar fields, discussed in it turns out
that field strengths of 2-forms F, l[fl\,/‘;N] and F, lsffg) are dual to Noether-currents associated with the

symmetry generated by generators of the group, which can be written more compactly as

(taﬁ)~,6 = 5?a66)~/ and (tMN)PQ = 5[612\477N]P ) (3.3.5)
respectively for the two factors:
F,E%N] = eaquUjU[MN]; F,Eﬁg) = ea/ﬂ/pajo.(a/j) . (336)

The apparent mismatch between the number (dimG — dimH) of physical scalars and the num-
ber of 2-forms is explained by the fact that not all the Noether-currents jMN and (@5 are
independent: it follows from the structure of the coset space sigma-model that L' (jt)L € ¢
for the currents associated with . This implies dimK linear constraints between the field

strengths of 2-forms.

3.4 Fermionic sector

All the fermions carry a representation of H = U(1) x SU(4) x SO(n), as we said above. The
U(1) acts on the fermions as a multiplication factor with a complex phase exp(igA(z)), where
the charges are

S =42 - (3.4.1)
q¢ - 2 ’ qX - 9 ’ g = 2 . A
Furthermore, all fermions are chiral and conventions about chirality are linked to our previous

choice about the sign of Imy*¢ (3.2.30)):

VYl =+, X ==X, AT = AT (3.4.2)

The most commonly adopted convention about the normalization of kinetic terms and the

one we choose is

_ - o1 - ,
e ' Lryin = =,V D)y — XV DX’ = Aain" DA™ (3.4.3)
where
, 4 4 | .
Dlﬁ)\; = VM)‘; + Quab)\;) + Qp,jz)\zl - §Qu)\2 5 (344)
. . 1 A
Dy, =V, + QW’Z¢1], + §Q,U«wzy ) (3.4.5)
i i i j 3 i
Dpx’ = VX' + Quy'x” — 5Qux" (3.4.6)

with V,, being the Lorentz and space-time covariant derivative and Q“ab = meaugbx , Qmj =

Q,70,0" and Q, = Q:0,,¢6°.
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3.5 The ungauged Lagrangian and supersymmetry transforma-
tion laws

The complete ungauged Lagrangian, up to four-fermions terms, can be found in the paper |16],
imposing fyynp = 0. Most of the conventions adopted in this work match perfectly with those
used by Bergshoeff, Koh and Sezgin.

We are going to concentrate only on those terms which are relevant for our analysis.

LN 4,ungauged — = Lxin + Lferm.scal + Lpauli + L4—ferm > (351)

in particular,

_ 1
€ 1Lkin = iR + Ls1.xin + Ls2.xin + L xin + Lvkin ) (352)
where R is the Ricci scalar for the metric g,

Lpauii contains terms of the type F fiyfoL, where F is the abelian field strength, L a scalar
manifold representative, f; are generic fermions and + is a generalized gamma matrix. £4_ferm
contains interaction terms of four fermions. Both these sectors of the Lagrangian are not relevant

for our analysis.
e Lierm.seal = ST, Py + soMTHTY o, P, " + hee. (3.5.3)

and we have to set numerical coefficients s; and ss.

Once fixed the normalization of kinetic terms of all the fields, coefficients of supersymmetry
variations follow trivially, by requiring that the variation of the Lagrangian vanishes up to bound

terms. Supersymmetric variations are

def, = éy%,,; +hec. (3.5.4)

&pi = 2D, + %i\?* ”GMa’y”p%e] + fermion bilinears (3.5.5)
= 2Duei — 21¢L Mij F,f\;[ TP Yu€; + fermion bilinears ,

SAMMe = 9eB 1, Map fel — PV LMy Te; +ie®P V3L, M NITHe' + hoc. (3.5.6)

Sx' = 2P, Me + %i\?aL ”GMO"y‘“’e] + fermion bilinears , (3.5.7)

1 .
=2P e + ELMU F]\LHW‘“’EJ‘ + fermion bilinears ,

SN =2iP o Uyl — 7\7 LMaGMO"y“”e’ + fermion bilinears (3.5.8)
=2iP,, Unhe; + Q%wLMGF%Jr,ywei + fermion bilinears ,

Vo = VEEX", (3.5.9)

SLy" = —2¢LM"JE,~A§% +h.c. , (3.5.10)

5LMij — 22‘( [l)\J] 3 ijlek)\ )LMa ) (3.5.11)
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In fermion variations, we used the definitions (3.3.4)), properties of scalar representatives shown
in sections and [3.2.2] and the gamma matrix identity

1.
525uupz\7wj = _’Yp)\’)/g] . (3512)

It will be useful to consider the supersymmetry variation of the scalars LMM in terms of

coordinate-fields ¢”:

1 g
06" = g™ P,y LMoLy = —2iPT g (3.5.13)

The coefficients s; and so of scalar-fermion couplings were fixed by imposing that terms of the
forms YJPIDe and A\JPIDe vanish in the supersymmetric variation of L]?fziungauged: these terms

are generated by varying wz field in Lerm.scal and X, )\fl fields in L¢ yin. The result iﬁﬂ

1
s1=1+5 So = —+i . (3.5.14)

4As we said, ungauged Lagrangian can be found in [16], but we have shown how to fix the coefficients s; and
s2 because they do not coincide with those of the paper.
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Chapter 4

Gauged N=4 supergravities

In this chapter gauged versions of N = 4 supergravity in four dimensions are presented.
Firstly, we give an overview on the standard procedure to gauge supegravity theories, which
is valid in general for arbitrary dimensions and number of supercharges [24], always keeping in
mind the particular case D = 4 and N = 4. Then, in section two, we give the explicit form of
linear and quadratic constraints and the bosonic sector of N = 4 D = 4 gauged Lagrangian is
presented [7]. In the third section, mass matrices of fermions are constructed requiring the closure
of supersymmetry algebra for various terms. The last sections introduces some consistency

relations quadratic in fermion mass matrices with the scalar potential and its first derivatives.

4.1 Gauging supergravities: general overview

In order to avoid unusual indices, we switch convenctions for the present section. We denote
the global symmetry group of the supergravity theory as G and we will promote Go C G to a
local symmetry. We will always stay G-covariant and denote with M, N,... and «,f3,... the
indices of the fundamental and adjoint representations of G, respectively. It is quite surprising to
note that in even dimensions G is realized only on-shell and this construction can accommodate
gaugings of a subgroup Gy C G that are not among the off-shell symetries of the ungauged

Lagrangian.

Under the action of the non-abelian global symmetry group G, the bosonic fields of ungauged

supergravity transform as
5Ly M = A% (to) Y Ly™ (4.1.1)
SAMN = —A* (ta) " A (4.1.2)

with A% a = 1,...dimG, constant parameters. In addition, the ungauged theory shows a

Nv

standard abelian gauge symmetry U(1)™v, where ny is the dimension of the representation Ry

of G, according to which vectors transform like:
SAN = 0,AM (z) . (4.1.3)

We want to promote Gg C G to a local symmetry, therefore, we have to select a subset of the

generators algebra g = LieG. We denote these generators by Xj; and introduce the standard

33
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covariant derivative
O — D=0, — gAY X (4.1.4)

where ¢ is the gauge coupling constant. A general set of n, generators in g can be described as
Xuy=0,y,%cg, (4.1.5)

by means of a constant tensor ©,,%, the so-called embedding tensor, which completely encodes
the embedding of the gauge group Gq into the global G and may be totally characterized group-
theoretically. The dimension of the gauge group is given by the rank of the matrix ©,,%, which
for the moment is simply a constant (n, x dimG) matrix. Deformed equations of motion remain
manifestly G-covariant, provided that ©,,% transforms under G' according to the structure of
its indices. The embedding tensor will always appear together with the coupling constant g, we

have introduced above.

At this point, the theory should be invariant under the standard combined transformations
5Ly M = gAM () XN T LM (4.1.6)
SAN = 0AM (z) + g Al X pM AP () = DAY () (4.1.7)

where X, NP = 0, (ta) NP . But if we keep ©,,% arbitrary, this does not happen. Indeed,
consistency requires that the generators close into a subalgebra of g. This translates
into a set of non-trivial constraints on the embedding tensor, which are quadratic in ©,,%.
Furthermore, we will see how generators have to satisfy also some linear constraints. Every

solution of this set of constraints will give rise to a consistent supersymmetric Lagrangian with

a local gauge symmetry (4.1.6]).

The set of quadratic constraints is very generic, since they do not depend on the dimensions
of space-time and number of supercharges of the theory. They state that the tensor ©,, is
invariant under the action of generators of the local gauge symmetry. Due to the index
structure, which are in two different representations, ©,,% is almost never G-invariant. But
consistency of the gauged theory requires that ©,,* has to be invariant under the action of the

subgroup Gg. Thus, we need to require that
a _ B N a Br « v _
dpO " =0Op" (tg),, ON“ +0Op [0y =0, (4.1.8)

where f QBA’ are structure constants of G. Contracting this result with a generator t, of G, we
obtain the equivalent form
(X, Xn] = —Xyun'Xp, (4.1.9)

hence gauge invariance of the embedding tensor implies the closure of the generators (4.1.5)) into
an algebra. However, constraint (4.1.8]) is stronger than the algebra closure: indeed, equations
(4.1.9) implies a relation upon symmetrization in indices M and N (the left hand side trivially

vanishes, while the right hand side does not), which goes beyond the simple closure.

As we said, ©,,“ have to satisfy another linear constraint, which is implied by the closure
of supersymmetry. Contrary to quadratics, linear constraints depend strongly on the number of

space-time dimensions and supercharges considered. In half-maximal theories in four-dimensions,
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vector fields transform in the bi-fundamental (2,[]) of SL(2) x SO(6,n) as shown in chapter [3|
The embedding tensor a priori transforms in the tensor product of fundamental and adjoint

representation, which decomposes according to
2.0 (3e0e 1) =220 (2@ o (2, @ (4,0) . (4.1.10)

Supersymmetry restricts the embedding tensor to (2,1) ® (2,@), i.e. forbits the last two con-
tributions in (4.1.10)) and poses a linear constraint among the two terms in the (2,[7J) represen-
tation [25].

In general, the linear representation constraints schematically take the form

PO =0 . (4.1.11)

4.1.1 Covariant field strengths and linear constraints in D=4

Apart from the minimal coupling induced by (4.1.4)), the field strengths of the vectors need to
be modified in order to capture the non-abelian nature of Gy and write down covariant couplings

to the fermion fields.

The standard ansatz for the non-abelian field strengths is

97;% = 26[;114%1 + QX[NP]MA,]YAf ) (4.1.12)

but we will show that it is not sufficient. The structure constants Xps (4.1.5) can be written as
P P P

with Z%),y = X M N)P , which is in general non-vanishing. Quadratic constraints (4.1.9) reduce
to
ZPynXp=0, (4.1.14)

and proper structure constants X (M N}P fails to satisfy the Jacobi identities:
P R P R P R _ R P
Xun” Xigrr ™ + Xioay Xive ™ + Xivgr Xpur)™ = =2 pio Xy (4.1.15)

which can be satisfied upon contraction with a generator Xpr, as a consequence of (4.1.14)).
Equation (4.1.15)) implies that standard ff"% (4.1.12)) turns out to be not fully covariant:

V]

M P M N M P P Q
6FM = —gAP X pMFN, 4 297M (A 59, — AP 5A ) , (4.1.16)

of which only the first term would correspond to a standard homogeneous covariant transfor-
mation. We can notice that unwanted terms are proportional to ZM N p» thus the combination
?%X ar is fully covariant. But conceivable covariant kinetic terms constructed from this object
such as Tr [?%X wFHN x N] can not be smooth deformations of the standard kinetic term in

ungauged theories, e.g. in D > 4 space-time dimensions:

LStd o _1

v.kin — 46MMNF,%FMVN 5 (4117)

where F/% is the abelian field strength and My, is the scalar matrix (3.2.13]).
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This problem is linked to the choice of staying G-covariant, with a redundant description in
terms of n. vectors while Gy has dimensions smaller than n.. Indeed, Afy can be splitted into
Aj', transforming in the adjont of Go, and Aj,, transforming in some representation of Go: with
respect to this splitting

Z"pg =0 and Z'pg #0, (4.1.18)

creating the problem manifest in (4.1.16)).

The covariant ansatz intertwines 1-forms and 2-forms B%N = B,(ny) and defines the full

covariant field strengths as [26] [27]
Ht = Tt + 972" po BL? (4.1.19)

The non-covariant term in (4.1.16]) can then be absorbed by postulating the following transfor-

mation laws

SAY = DAY — gZM 209 (4.1.20)
MN _ =MN MarN (Mg gN)
SByN = 2D, ENN —2AM3)) +24,,704,) (4.1.21)
where ZM¥ labels the tensor gauge transformations associated with the 2-forms. These gauge

2-forms %%N can not be added random, since the number of bosonic and fermionic degrees of
freedom is balanced by supersymetry. Rather, these have to be (a subset of) 2-forms that are
already present in the unguaged supergravity (which are dual to the scalars). The index structure
of BF(%N) shows that they generically appear in some representation of G which is contained in
the product (Rv @ Ry ) g

should project only onto those representations filled by the 2-forms in the ungauged theory. As

In turns, this constrains the tensor Z%,, 5, which in its indices (M N)

VA un s a function of the embedding tensor ©,,% this leads to a linear constraint of the type
(4.1.11)) on ©,,“.

Let us restrict to the case of D = 4 dimensions and remember that 2-forms are dual to scalars

and transform in the adjoint representation, as shown above in section [3.3

(RV X fRV) = fRadj D..., (4.1.22)

sym
and the remaining representations are excluded. Actually, in four dimensions G C Sp(m,m),,
1.e.

(ta) s Py = (ta) s =0 - (4.1.23)
where Qp/n is the symplectic matrix of Sp(m,m) which raise and lower M, N,... indices, as
eoMa = OMNg N, ecc. Multiplying the previous equation by the embedding tensor ©,,%, we

obtain the first linear constraint on the generators X, NP
X v =0, (4.1.24)

which tells that symplectic form Qp;y is invariant under gauge transformation and a gauge
transformation can not change the previously chosen symplectic frame (the choice of electric and

magnetic 1-forms). Moreover

1 (6% 1 (6%
ZPyN = X(MN)P = §9M (ta)y" + 591\/ (ta)ps”
4.1.25
L o Pa 3 PL ( )
= —59 (ta)MN+§X(MNL)Q .
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If the embedding tensor satisfies the linear constraint
XNy =0, (4.1.26)
the 2-forms appear always under the projection
ZP BN = —%@PQBWQ with  Buva = (ta) yry Bis - (4.1.27)

Thus, condition (4.1.26)) is a sufficient (and also necessary) condition in onder to preserve super-

symmetric degrees of freedom. This result was firstly found in [28§].

It will be important to mention for future purpose that the new full covariant field strength

J—C%, (4.1.19) does not satisfy the standard Bianchi identities, but rather its deformed version

1

3gZMNPJ-(NP (4.1.28)

M
D [ug{up] pvp

where }Cﬁg denotes the properly covariantized field strength of the 2-forms.

4.1.2 Lagrangians of gauged theories

Now we describe how to obtain a Lagrangian that is compatible with the new local symmetry
(4.1.20]) as a deformation of the ungauged Lagrangian. The first trivial step is to covariantize all

derivatives and substitute abelian field strengths with the new non-abelian full covariant ones.

Since the construction of the deformation is manifestly G-covariant, the gauged theories in
even dimensions generically carry the full G-representation of forms, rather then only electric
half. Let us always keep in mind the case of 1-forms in four dimensions. Magnetic fields do not
possess kinetic terms, but only appear in covariant derivatives, in new field strengths and in new

topological terms which are required by gauge invariance: e.g.
Dy = 0y — gA) O3 e = 0 — gARO ™ — gA,0 0N (4.1.29)

where we have split the 2m-dimensional irreducible linear representation A/]y = (A//}, AuA) of the
symmetry group G, with Aﬁ the electric half which appears off-shell in the ungauged theory and
Ay the magnetic-half which appears only on-shell. In principle, this might lead to inconsistent
additional field equations. However, it turns out that various contributions from kinetic and
topological terms precisely combine into first-order field equations for the additional fields. Then,
these fields do not constitute additional degrees of freedom but are on-shell duals of the fields
of the ungauged theory. This highlights the importance of the covariantization of topological

terms. In D = 4, it follows from the variation of B, that
0Ly
Ao kin
g@ <J{,UJ/A + GEMVpUA> 5 (4130)
OH o

which reproduce the covariant version of duality equations for 1-forms. Like-wise, variation
with respect to magnetic vector fields induces the duality equations between scalars and 2-forms
(3-3.6). Therefore, in gauged theories, duality equations arise as true field equations of motion
projected with the matrix ©2%. In particular, in the limit ¢ — 0, all dual fields disappear from

the action and duality equations decouple.
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At this point the deformed Lagrangian
L= Lyng [0 = D, F = H] 4+ Liop (4.1.31)

is no longer supersymmetric, due to extra terms which arise from the variation of vector fields
in the covariant derivatives and from modified Bianchi identities (4.1.28]) in the new Lagrangian.
Anyway, it can be shown that, in linear order of the gauge constant g, these extra terms can be

compensated by the introduction of fermionic masses of the type:

e ' Lemass = GAGULA" Y] + gBaix VL, + 9Capx X + hec. (4.1.32)

1
2

respective representations of H, maximal compact subgroup of G. A;;, Ba; and Cyp have to

where @ZJL and x4 denote Spin—% and spin-z, respectively, with 4,7,... and A, B,... labelling
be linear in the embedding tensor and depend on scalar fields, whose coset space representatives
are the only objects relating representations of G and H, since transform according to (3.2.4)).
More precisely they are composed out of irreducible components of the T-tensor, which is the
embedding tensor dressed with the scalar group matrix L, evaluated in the fundamental and in

the adjoint representations of G:
Ty" = 0y Ly La” . (4.1.33)

The T-tensor inherits all the information about ©, but it is scalar dependent and transforms un-
der H. Every G-irreducible component of © branches into one or more H-irreducible component

of T', which can be used to build up the fermionic mass tensors A;;, Ba; and Cxp.
The T-tensor has to satisfy the linear constraint
PT =0, (4.1.34)

which now holds for any value of the scalar fields on which T" depends. Turning this argument
around, this shows the origin of linear representation constraints from supersymmetry. The
supersymmetry violating term at order g can be cancelled by the variation of additional fermionic
mass terms if and only if the tensor TME can be built from the representations of proper
fermionic mass tersors. It can be proved thatj in D = 4, supersymmetry imposes precisely the
same linear constraints found from purely bosonic considerations, such that no further restriction

descends from compatibility with supersymmetry.

In order to cancel completely supersymmetry-violating terms in linear order of g, such as D ¢;
contributions descending from (4.1.32)) by varying gravitinos, we have to introduce fermion-shifts

in fermionic supersymmetry transformations (schematically):
ol = o, + gA e (4.1.35)
oxA = doxA — gBYe; (4.1.36)

where dg denotes the properly covariantized supersymmetry transformations of the ungauged

theory.

Finally, supersymmetry in second order g? of the deformation requires the appearance of a

new scalar potential
Lpot = —g2eV (4.1.37)
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in order to cancel g? contributions descending from supersymmetric variations (4.1.35) and
(4.1.36]) of the Lagrangian sector (4.1.32). Consistent cancellation of all supersymmetry varia-
tions at order g2 requires a number of non-trivial algebraic identities to be satisfied by fermionic

mass tensors A;;j, Ba; and Cap. In particular, one needs the traceless condition (schematically)
. . 1 .
BA By — A% A, ~ ~V (4.1.38)

with N the number of supersymmetries and the scalar potential V| which is the so-called super-
symmetric Ward identity. This condition is quadratic in the embedding tensor, hence the only
way it can be satisfied without imposing additional constraints on the gauging is as a conse-
quence of the quadratic constraints . Indeed, in general, these consistency relations can
be obtained by upon dressing the latter with the scalar matrices L and breaking it into
its H-irreducible parts.

4.2 Bosonic Lagrangian and field equations

Let us switch back to our previous D = 4, N = 4 indices conventions. The pure bosonic
Lagrangian were constructed in |7]. Now we give a general review of the results of this article.
As shown in section the gauge group generators in the vector field representation, with
the composite index M = (M, «) introduced in , have to satisfy equations and
, which read

Xy Q10 =0, Xon " Qo = 0. (4.2.1)

In order to be solution of these constraints, generators XMN? = X4 Nﬁp»y can be written as

1
Xians = =0 farin” + 3 (5ﬂag5aN — ONOLEan — hmunE," + eaﬁaﬁgmeﬁ) . (4.2.2)

where £, and foprnp are the irreducible components of the embedding tensor which survive
the linear constraints, as said above after decomposing the ©,,% in its irreducible parts .
Sarr and farrnp = fopmnp) have to be treated as objects which transform in the bi-fundamental
of SL(2) x SO(6,n) and in the fundamental of SL(2) and three-fold antisymmetric vector rep-

resentation of SO(6,n), respectively.

SL(2) and SO(6,n) generators can be read in (3.3.5) and the covariant derivative takes the

form

D, =V, - gAM°0, Ntyp — gAN0,, Tts, | (4.2.3)
where V, is the Lorentz and space-time covariant derivative. The two components © MQN P and
e Maﬁ 7 further decompose into the irreducible representations of Gy just founded.

According to the decomposition
P R P 5 P
Xutans =002 (tar) v~ 0% + O (tse) 3" ON (4.2.4)
famnp and &,ps tensors constitute the two components of the embedding tensor as follows
1
NP NP N, P
O™ = forr ™+ SO0 " (4.2.5)

0,7 = %gweé(ﬁ(;g) . (4.2.6)
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Working out the quadratic constraint (£.1.9) on X"
[Xovt, Xov] = _XMN?XTP (4.2.7)

in terms of &, and foprnp yields the following set of constraints:

&Mépn =0, (4.2.8)
o’ faypun =0, (4.2.9)
3faR[MNf5pQ]R + 28 foynpg =0, (4.2.10)
P (&7 fapmn + Eamépn) =0, (4.2.11)
e (farrnrfapq™ = & Farpaipnqin) — o fonyipa) + Eatp foQuuny) =0 (4.2.12)

The deformation of the theory is consistent if and only if these conditions, which guarantee the
closure of the gauge group, are satisfied, as explained above. They are covariant under the global
symmetry group SL(2) x SO(6,n): given one particular solution one can create another acting
with a G transformation. Trivial solutions are the purely electric gaugings, according to which

only electric vector fields Afy T enter the Lagrangian:

Samt =0, (4.2.13)
f-mnp =0, (4.2.14)

and the constraint (4.2.10]) simplifies to the Jacobi identity

fermntipg =0, (4.2.15)

where indices are contracted by ™" metric of SO(6,n), instead of the ordinary Cartan-Killing
form, and fivnp = [y NQUQ p are the structure constants of the gauge group. This N = 4,
D = 4 gauged supergravities were firstly found out by Bergshoeff, Koh and Sezgin |16|, and the
general deformation have to reproduce the Lagrangian of this article, provided that we impose
(4.2.13), (4.2.14) and

fymnpe = —funp , (4.2.16)

where fy/np are the structure constants used in the article.

The following combination of the generalized structure constants occurs regularly:

2 3
farnp = fariNp = Sa(MNPIN — 5EaNTIMP - (4.2.17)

We give the full covariant field strengths of 1-form and of 2-form up to terms of order g:

Ho = 20, AN — gfanp™ AL AL + geaﬁ@ﬁMNPB{jf - gsﬁMBf;E : (4.2.18)
MN _ MN alM BN)]

Hiwp = 30uBy," + beapAy 0, A +0(g) , (4.2.19)
ot « aM N

5, = 304, Bo0 + 6naun AT 0,40N 4 0(g) - (4.2.20)

Only the electric field strength }C%ﬁ enters the Lagrangian, but the magnetic and the 2-form

field strengths appear in the equations of motion.
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It is useful to covariantize the combination of the electric field strength defined in (3.3.4)):

M+ _— qrM+
S =",

0L
M- -1, MN U~kin
S =€ N7 Eurpo i (4.2.21)

1
= =5 Euwpe I T MYy pFCLT — Re7I0,"

We have to insert 9%‘“, instead of 9{%‘”, in the covariant variations in order to find a formulation
entirely in terms of the electric vector fields in the limit ¢ — 0. Then, the gauge transformations

of the vector and covariant variations of the 2-forms gauge fields

Ma ¢ 4N M(agc 4N
ABMN = 0BMN — 26,5 A6 AN7 and  ABSY = 6By + 2 AL ALY (4.2.22)

V] I V]
are
g = g =
DAY = DuAM = SePOM ypET + SEMER (42.23)
ABMN = 9D MV g, AMegN)S (4.2.24)
AB2S = 2D, ES + 2w AM OGNS (4.2.25)

where the AM®, Efy N— ELMN] and E,‘fﬁ = ELO‘/B ) are the gauge parameters of the group.
We can now present the bosonic Lagrangian of the gauged theory
Lpos = Lpkin + Ltop + Lpot . (4226)
It consists of a bosonic kinetic term

1 1 1
e L xin =5 R+ — D, My nD*MMY 4 gDuMaﬁD“M‘)‘ﬂ

16
| : (4.2.27)
_Z Im TMMN}C%_‘—}C/]X;’_ + gnMNfﬂypUg{%-i_%fo )
a topological term for the vector and tensor gauge fields
6_1Ltop - - gGMVpU
§+M77NPA,]Y[_A1]/V+(C)/JA5+ - (f—MNP + 2€—N77MP> Aﬁ/[_A]VV*a,,Af_
(4.2.28)

- %faMNRJE,BPQRA,JyaAIJ,V—i—AfﬂA?_ + %@+MNPG)_MQRBNPBQR

| =

(@—MNPB,]X/P +&amBLY) (28PA(]7V[_ - gfaQRMA?aAf_) ] ;
and a scalar potential

eileot = _92V

2
g 1 2
_ —EfaMNPfﬁQRSMOéﬁ |:3MMQMNRMPS + (3,'7MQ _ MMQ) nNRnPS:| (4229)

2
g 3
+ %faMNPfﬂQRSGQBMMNPQRS - T692§aM55NMaﬁMMN :
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It has to be noted that in the case of purely electric gaugings, topological terms are identically

Zero.

The explicit action of the covariant derivative (4.2.3) on the scalar matrices is
DuMaB = 8,uMo¢,3 —+ gA;]l/I’Y‘S(aMMﬁ)'y — gA/Jl/[(SgeME(g(aﬁeyMﬁ),y y (4230)

DMy = 8, My +29AT0 1 “ Mg - (4.2.31)

aP(M
Under general variations of vectors and covariant variations of 2-form gauge fields, the bosonic
Lagrangian varies as [28|

1
e 16 Lpos = AL (O—mnpPABLS + Ean ABY) e (HT~ = G)17)

1
+ §5A£4+ (gggMM+7D“MBV + g@+MPNMNQD/LMQP _ EMVpUnMNDyGf)\;_>

1 — g vVpo
+ 504l (98am M D" M7 4 20y p" MygDHMOP 47 min DG )

+ total derivatives ,
(4.2.32)

which encodes the gauge field equations of motion of the theory at linear order in the fields (other
sectors of the gauged Lagrangian give higher order contributions, which are not relevant for the

present and future analysis). As anticipated in sections and variation of the 2-forms

Mf
v

vector fields: %%ﬁ‘ and 9%"‘ are on-shell identical. By varying the electric vectors, one obtains

yields a projected version of the duality equation J-Cﬁ/[; =g between electric and magnetic
a field equation for the electric vectors themselves which contains scalar currents as a source

term. Finally, the variation of the magnetic vectors gives a duality equation between scalars and

M+

2-forms: this is straightforward once introduced the modified Bianchi identity for S%ﬁ =3,

which reads

g o
Dy = 5 (0 MpoHh? + ¢, Mache) (4.2.33)

Thus we found that the tensors foy/nvp and &, do not only specify the gauge group but also
organize the couplings of the various fields. They determine which vector gauge fields appear in
the covariant derivatives, how the field strengths have to be modified , which magnetic vectors
and 2-forms enter the Lagrangian and how they become dual to electric vectors and scalars via

equation of motion.

4.3 Fermion mass matrices and fermionic shifts
4.3.1 T-tensor irreducible components

Fermion mass matrices are composed out of irreducible components of the T-tensor, i.e.
of the embedding tensor dressed with scalar group representative. Then, our first step has
the identification of the U(1) x SO(n) x SU(4)-irreducible part of these new tensors. Let us
concentrate first on the simplest component of the embedding tensor, that is £,as. SO(6,n)-
index M can be contracted either with L, or LijM . While SL(2)-index can be contracted either
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with V% or its complex conjugate, which fix the U(1)-phase to be +1 or —1, respectively. It will be
useful to introduce both T-tensor components and partially dressed embedding tensor, where only
SO(6,n) are contracted. We introduce the compact notations (fRSL(z),.’RSO(n),fRSUM)) for the

latter and (fR S0(n), R SU(4)) : for the former in order to identify the representations for the two

qu@1

compact components of SO(6,n) and three-components of the H group, when the U(1)-charge
is also fixed. We will label the SO(n) representations with Young tableau.

Partially-dressed embedding tensors and corresponding representations are
(27D? 1) Eaa = gaMLaM ) (4~3~1)
(27 o, 6) Eaij = gaML”M 5 (432)

and the various components of the T-tensor

O,1) 4, Eqo= VLM, (4.3.3)
O,1)_, Ef = (V) éamL,M (4.3.4)
(O,1)4, Eij = VL™ (4.3.5)
@1, El;= (V) éam L™ . (4.3.6)

Now we consider the faopnp = fopnp) component of 0,M, which is slightly more complex
because of the structure of the three SO(6,n)-vector indices which are completely antisym-

metrized. When we dress this tensor with three LZ-]-M , it transforms in the H-representation

(2, .. (626 6)asym> , (4.3.7)
where 10 is the symmetric part of 4 ® 4 representation product.

If we contract f,np) With two LijM tensors and a L,™ matrix, the SU(4)-indices of the

partially dressed embedding tensor transform in (6 ® 6) representation:

asym

(626),. . =15, (4.3.8)

asym

where 15 is the traceless part of 4 ® 4 representation product. Hence we can classify the

irreducible parts of partially dressed f,a/nvp as follows:

(2,0,10) F,9 = for M LML L (4.3.9)
(2,9,10) Foij = (F,9)" = foun" L™ LN LpM | (4.3.10)
(2,07,15) Foo? = forn TLM Ly N L (4.3.11)
(27576) Faabij = faMNPLaMLbNLijP ) (4-3~12)
(2,@,1) Fonee = fansnp L&MLNLE (4.3.13)

Irreducible components of T-tensor are obtained contracting the just defined tensors with V¢
or (V*)*, and we will denote them with a T when they transform with a —1 charge under U(1)

and without it when have charge +1: e.g. Fil = VoF,"” Ftii = (v*)*F,", F;; =V*F,, ., ecc.

i
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For completeness, let us note that 6 ~ 6 and 15 ~ 15 due to the pseudo-reality constraint

(13.2.43)): for example

g .1
Eoc” = (Eaij) - 562]klEOzkl ) (4314)
. -\ kK 1 .
Fazj — (Faij) :EfllmkfjnokfaMNPLaMleNLPnO _
(4.3.15)
:fonNPLa]\/[lecNLP]IC = _Faajl = _6¢ndglFaanm :

In appendix |D| we present some useful relations between partially dressed components of the

embedding tensor, or equivalently between irreducible components of T-tensor. In appendix [C]

we express the quadratic constraints (4.2.8])-(4.2.12)) in terms of T-tensor components.

4.3.2 Fermion shift matrices and consistency relations at linear order

Let us introduce the sector of the Lagrangian which contains Yukawa interactions, that is
fermionic mass matrices:
€™ Lt amass =gM 7 Ty + GM5 DX + gMyy 6, THA +
3 o . (4.3.16)
+gMY XX + gMa” XAG + gMy U NIAD + hee.

where the tensors M have to be linear combinations of irreducible components of T-tensor:

M~) E+Y F, o M=) E+> F', (4.3.17)

and from symmetry properties of fermion bilinears we have ij = Ml(ij ), ng = Méij ) and

M, = M3( ab) (@) +M3[ab} 1 As explained in section4.1.2] fermion shifts have to be introduced

in supersymmetry variations of the spinors in order to cancel terms which contain D€' at order

g', coming from the gravitino variations in the Lagrangian sector of fermion masses (4.3.16)):

Sl = - + agMyy,e; (4.3.18)
ox' =+ BgMi'e; | (4.3.19)
SN, =+ 7gMy,;'e . (4.3.20)

The coefficients «, 8 and v have to be fixed. In order to find their values, we have to study
supersymmetric variations at order g for terms with the structure gM fyDe, with f one out of

the three types of fermion and which only originate from kinetic terms and fermion masses:

€71 6L mass = 20M Py 5y — gMZ XA S — 9Mog; MAHOP), + e+ . ( |
4.3.21
= 4ngjzﬁm-’y“”Dl,ej — 29M§Z>2¢7“Duej — 2gM2aji5\?’y“DM€j +h.c.+...,

and

_ 1 o ,
e 08¢ xin = —1, VP Do, — 5)_(17“DM5XZ — A" DoA™ + h.c.

= —2ag1/;ui’y“"M1iijej — gg)zi’y“MgiDuej — 'ygjxai'y“MQajiDuej +h.ec.+...
(4.3.22)
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where we used the gamma matrix property
PPy, = 294HY (4.3.23)
Therefore the numerical coefficients are

o =2, B=-2, N=—4. (4.3.24)

Now we are going to fix the gravitinos mass matrix ij . Group theoretically, the fermion

bilinear @iufy“”wl,j transforms in the

(.’Z)-i-% ®Sym (.71)4_% = (.7T0)+1 5 (4325)

thus M fj transforms in the (e,10)_,, i.e. the only T-tensor component that transforms according
to this representation is FT:
MY = aFt (4.3.26)

where a is a constant to be fixed. In order to set the value of a, we recall the paper by Bergshoeff,
Koh and Sezgin [16]: we restrict ij to the case of purely electric gaugings (4.2.13]), (4.2.14)),
(4.2.15) remembering the change of conventions (4.2.16)) and

b — i . (4.3.27)
Mlij = a€+_vf*f+MNPLklMLNikLPﬂ — aid” fyy NPLklMLNikLle ) (4.3.28)
Elec
hencd]] 1
a = 3 (4.3.29)

Before working out consistency constraints that completely fix the mass matrices once ij
is known, let us have a group theoretically look at the structure of the other mass matrices
as we have just done for ij . We decompose the representations of bilinear fermions in their
irreducible parts and predict the form of the matrices except for numerical coefficients. Let us

start with mixing terms between spin—% and spin—% fermions:

ViV x; (Q,Z)+% ® (Q,Z)_% = (0,6) ; ® (o,ﬁ)_l , (4.3.30)
PEAFAG (0.4)_1®(0.4) 1 = (0,1, &(0.15)_, . (4.3.31)
thus it follows that
MY = b F7 + by B9 (4.3.32)
M, = b3F,. 7 + 0,07 B, . (4.3.33)
The most interesting case is the matrix Méj .
XiXj (04) s Osym (,4)_s = (+,70)_, , (4.3.34)

!There is a sign minus with respect to the gravitinos mass matrix of Schén and Weidner [7], which would lead
to inconsistencies in the relations that we will find at linear order.
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which implies
MY =0, (4.3.35)

because there is not a component of T-tensor which transforms with a charge +3 under U(1).

We will see how consistency relations give the same result for Méj .

Finally, the remaining two matrices:

X'AY (04),3® ([0,4) 1 =(0,1), ®(0,15), (4.3.36)

A (@A) S 0.3) = (.6)_, 0 (0.10) 6 (eT0), . (4337

_1
2

There are no components of T-tensor transforming in the [T1 for SO(n) and the only two-indices

tensor transforming trivially under SO(n) is the Cartan-Killing metric of SO(n):

M3aij = ClFTaij + CQégETa ) (4338)
My, " = e3F,, " + cabupF7 . (4.3.39)

In order to express linear and quadratic consistency relations and match results with paper [7],

it is convenient to introduce the following rescaled mass matrices:

]
My = A7 (4.3.40)
ij L g

My = +347 (4.3.41)
M2ai] = _iA2aij ) (4.3.42)
MY = AY (4.3.43)
M3aij = iA3aZ-J , (4.3.44)
My, 7 = —Ay,"7 (4.3.45)

.. . _ AN
where AY = FT and Ay = <A11]) = Fj;, as we just found out.
We rewrite (4.3.16)) and the fermion supersymmetry variations in terms of this new matrices:
B 1 .. , 1 . . o
€ 1Lf.mass = ggAlqu/)m,l"N ¢yj =+ ggAlzngJl“-F“Xj - ZgAQaiJTIZ)HZFu)\?—i_
+ gAY XixG +igAs /XN — A, PN + he.

opy, = 2D €' + ZVO‘LM Sup e + §9A1 Yu€j + bilinear fermions , (4.3.46)
ox' =2P e + %VQLMUS%O‘VWG]- — §gA%Zej + bilinear fermions ,

. g 1 . o
SN = 2iPW”’y”6j — EVQLMGS%QV“”EZ + 2igA2ajleJ + bilinear fermions .

Consistency relations for the fermion mass matrices are needed in order to have supersymmetry
closure for terms proportional to @u'y“”e, e, Myte and Yv*e at linear order in ¢g. Therefore we

will have four relations: the closure for @Zlﬂ“" e term fixes by and bs, ¥*e fixes by and by. ¢; and
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¢y are set by both M\y*e and Yy e terms, while the former also establishes the value of c3 and c4.

M;;j is set at zero by vy e.

We are going to present individually the sectors of the Lagrangian whose supersymmetric
variations at order g give rise to the terms mentioned above. First consider the fermion kinetic

terms:
- | - )
eil&cf.kin = _w,ui’yuprufsf‘/}; - 5)21")/“1)“5)(1 - )\ai’}/“Dué)\m + ...

_ 4 g 92 g o . .
= gwmv“”ej (—3DVA11J> + gxite; <3DHA]2Z> + igA\iyte (—QDMAQajZ) +...

(4.3.47)
Then we look at fermion masses:
_ 1 .- o . -
e 0L mass =§gA’2]%ﬂ“5Xj +igAsg' 1" XY 4+ 29 AT Xidx;+
Fig Az, NIOX" — igAg, i Xi0OAT — 29 A, NN, + - =
_ 9 . o .
:g’(l}‘ui’y‘u’yyej (3AZ2JP: - 2A2aszyakj> + (4348)

—i—g)Zi'y“e]- (4AéjP: + 2A3aikpuakj> +
Fighiel (445 B, + 2450 ) +

The gravitinos variation at order g gives a contribution proportional to De, which has just been

compensated by introducing the fermion-shifts.

Moreover the two scalar-fermion interaction terms generate contributions for each of the term

considered.

_ 1- , 1_ :
e léfcferm.scal =§¢MWV’Y“5X1P5 + §Xi7u7V5¢LPV+

i, 7 VHONE B, M A NI 8, P,

=g0uiv" VMej (—;AéiP;‘> + gxiv"e; <—§A§jPM> + (4.3.49)
+g¥uiy Ve <2A2ajkpya’“> + igAdytel <—§A1jkpu‘“"f> +...,
where we used the gamma matrices identity
YAV = =297 (4.3.50)

Finally, the last contributions comes from the variation of vectors in the covariantized scalar
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kinetic terms:
1 o fMN 1 pPo (M5 rN)Q
) EDMMMND M =— ZgDMMMNéA GaPQ M +...
1 »
= — ig(sAuPaPM al]QOzPQM (—LQMLz]Q + LaQLZ]M) + .
=gile; (4FTak ip eilk ETaPyaij) + (4.3.51)
o.M F [ZP ajlk 1E P aij
+gxiv'e; | —2F,; 0 + 5t +
_ . 4 1 .
—H’g)\f'y“ej (—5;Fabklpubkl — 25}Eklpluakl> +...
1 waraB 1 M~ M €y LY ETe AL EaG]
6 ( 5DuMasD" M) =2 (6AM Eart My, — SA MO presae Mﬁ)v) (P pray —|—h.c.) T
(0%

1
- 5195,424@\7* Egn VPP +hee. + ...

—git'e; (2E9 P + gxinte; (—EWPM) Fighanted (5§EILPN) ¥

(4.3.52)

Now consistency relations can be extrapolated:
DAY = A{ pr 34, 0 p kD) (4.3.53)
gA[;j]P,j — 44, 1 Pk = y Bt P 4t Bop ekl _opiipy (4.3.54)
AAY Py + 244, P, = gAi'PM —~ gpuAg" +2F,, 'p, ok %EaPH‘”j +EP,,  (4.3.55)

. . o4 . . 1. .
443, P, %) + 245, Py = 2D, Ay, i + 346l 9k 4§ Fopa P, + 30iEwb, *_§EIP, .
(4.3.56)

Actually, these are eight consistency constraints if we consider separately the two types of scalar:
D, =D,¢$*"D; + D¢’ Dy . (4.3.57)
From we read the symmetric part of matrix Aéj :
A = i (4.3.58)
while fixes the antisymmetric partE|
3

Al = —5 B (4.3.59)

A combination of (4.3.53)) and (4.3.54) projected on the SO(6,n)/SO(n) x SO(6) scalar manifold

also completely defines the second mixing mass matrix:

. 1
Ay = Fyi! = [8iEa . (4.3.60)

2a1

2Tt has to be noted that the relative sign between symmetric and antisymmetric parts is different from |7]-
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Spin-1/2 fermions mass matrices can be find out using (4.3.55)) and (4.3.56)). As we anticipated
by group theoretical considerations, equation (4.3.55)) tells us that

A =0. (4.3.61)

A, 7 mass matrix is equivalently determined by either (£.3.55) or (4.3.50):

3ai

‘ .3 .
A, =F 7~ LOVE] (4.3.62)

3ai

Finally, considering (4.3.56|) on SO(6,n)/SO(n) x SO(6) scalar manifold and after projecting

with an inverse of the vielbein bejk, it can be shown that

iy 1 |
Ay’ = Fpp” + 50 FY . (4.3.63)

4.4 Quadratic closure relations

We have to require that supersymmetry variations close also at order g2. In particular, if we
consider terms proportional to 1/;#7“6, ye and Xe at second order, we find consistency relations
which are quadratic in the mass matrices (as sketched in section . In particular, these
terms come from the supersymmetric variations of the fermion masses and of the scalar

potential sector:

- " (4 kg 4 iz 1
e 16 (Lt mass) =97 uiy"e <3A1 FAk — §AQ Aok — 24494 Ay k) +h.c.

. 8 o .
+g2)_<i€‘] (9A2kZA1kj + 2A2ajkA3azk> + h.C. (441)
. 23a 8 i 4 Jk ik J 4 Jk i
+ig“Aj€; §A2ak AT+ 4Ag Ay — §A2 Aggr’ | +hee

and
d (Lpot) = —9256V — g2e(5V
) (4.4.2)

_ . oV oV
— 2 (], A 2 x 2
9* (~Uur"e +he) eV — gles o el (ava‘% +hec.

where we used the vielbein variation (3.5.4)). Recalling the scalar variations (3.5.9) and (3.5.13)),

the quadratic consistency constraints read

§A2 A+ §A2ajkA2a T §A1 FAy, = 153"/ : (4.4.3)
8 9V
k 7 ki v
o 4 A ~
gAzaszfk + 4 A" Ay — §A2]kA3akZ = Qipxa”;:; : (4.4.5)

For consistency, these relations have to be a linear composition of quadratic constraints in
terms of T-tensor components. Indeed, it is easy to verify that on the left hand side of (4.4.3)

only the trace component survives: we can express the A matrices in terms of partially dressed
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embedding tensor and use the quadratic constraints (D.1)), (D.9), (D.13]) and (D.23)). The scalar

potential in terms of partially dressed embedding tensor and scalar matrices reads

2 i1
V=M% (3 BuBn - 3FusFy -

Faai

8 9 MTE 2
and it can be easily verified that this result coincides exactly with (4.2.29)), by using properties
of scalar representatives. The equation (4.4.3)) is the so-called supersymmetric Ward identity.

: ) 4 .
JFBG/> - §ie°"8FaijFB” : (4.4.6)

Similarly, (4.4.4) and are also consequences of the quadratic constraint. However, they
show precise relations between fermion mass matrices and the first derivative of the potential.
Let us stress important feature: quadratic constraints impose that traceless components of the
left hand side of is zero. Furthermore, they require that the symmetric part in 4, j of the
left hand side of is identically zero, because the right hand side is vanishing. Thus, we

can split (4.4.5)) into:

8 iy d)k k< ) 4 Gk,
§A2ak( Alj) + 4143ab(z A2bj)k - §A2(J Ao =0 (4.4.7)
and < A -
§A2ak[’A1”k +44,," 4,0 — gAQU’“Agak“ = 2iP7, ”37590 . (4.4.8)

We are interested in vacuum configurations. This means that the vacuum expectation values

of the scalars are such that

oV
= =0, (4.4.9)
06% | (ge)

for any x = x, s, where (¢%) is the vacuum expectation value of the scalar fields. In particular,

when considering Minkowski vacua (that is with zero cosmological constant A = (V) = 0),

equations (43, (£34) and (EL5) become

1 i+ 1 T
§A2 jA2z’j + §A2ai]A2a i §A1 ]Alz'j =0, (4.4.10)
(¢%)
2A2aijA3aij - §A2ijA1ij =0, (4.4.11)
) (62)
8 o iy ik kg J A kg
§A2ak AT+ 445, Ay — §A2 Aszak o) =0. (4.4.12)
¢z

Let us characterize group theoretically these conditions. The condition (4.4.10)), which gives
Minkowski vacua, has zero charge under U (1) transformations and it is a singlet of SO(n)xSO(6).
The condition (4.4.11)) is also a singlet of SO(n) x SO(6) but has a non-trivial charge under U(1):

under the action of H it transforms according to the representation
(0,1),5 (4.4.13)

which means that it is a complex condition on scalars. Equation (4.4.12)) is a constraint on the
antisymmetric part of the indices i, j, because (4.4.7)) holds thanks to the quadratic constraint.
The representation of U(1) x SO(n) x SO(6), according to which (4.4.8]) transforms, is

(3,6), (4.4.14)

and, since 6 and [] are both real, we have 6n real conditions on the scalar.



Chapter 5

Mass matrices and supertraces

In chapter |2] we explained how quantum corrections to the potential are linked to the traces
of mass matrices of the different fields in the theory we are considering. In particular, divergent
corrections depend on the traces of quadratic and quartic mass matrices and finite corrections
are related to the traces of higher even powers of these matrices. In this chapter, we are going to
define a general method to identify mass matrices for various fields, with arbitrary spin. Then,
we will give the explicit forms of the bosons and fermions entering the Lagrangian of N = 4,
D = 4 supergravity theories. Finally, we will check that all the machinery we have shown until

now gives

STIM? =0, (5.0.1)

not only for those cases which are truncations of N = 8 supergravities, but for any number of

vector multiplets and any gauging.

5.1 Mass matrices - General overview

The computation of supertrace mass formulae requires the knowledge of the spectrum of
quadratic fluctuations at the maximally symmetric critical points described by the equations

(4.4.10)-(4.4.12)). In general, the matrices determining such spectrum can be computed by lin-

earizing the field equations of motion. But this needs further speculations in order to determine
the mass matrix of the Spin—% fermions, for which we will give a detailed analysis in the following

and in the next section.

As we showed in the previous chapters, bosons fields can be expressed in different, but equiv-
alent ways. In order to avoid multi-indices structures and, as a consequence, the possible over-
counting of field when taking traces, we believe it is more convenient to express mass matrices in
the following representations of the fields: we consider the 6n + 2 coordinate fields ¢Z = ¢*, ¢°
of target manifolds for the scalars and Aﬁ/lo‘ for electric and magnetic vectors, instead of the

alternative

(A, AlTe) = (LM", LM“) A (5.1.1)
used in [29] for mazimal supergravity in four dimensions.

ol
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Trivially, <%Xi7 )\2) is the spin—% fermion multiplet (the structure of the indices is such that
the multiplet has defined chirality). Gravitinos are redefined:

Pl =i+ ayt (5.1.2)

where « is a numerical coefficient and (* are linear combinations of Spin-% fermions such that

mass mixing terms between spin—% and spin—% vanish and which are massless on vacua completely

breaking supersymmetry and are the so-called goldstinos.

Let us recall that kinetic terms of bosons entering the N = 4 supergravity Lagrangian are not

canonical, as it can be immediately seen from (3.2.1)) and (3.3.3]). Then a closer look tells us that

mass matrices do not coincides with those of equations (2.3.4)) and ([2.3.8)), but we need to give

a correction. The right way of identifying bosonic squared mass matrices is to write linearized

equations of motion, that is for a generic field ¢!:
Op! = M2 ;07 + higher order terms , (5.1.3)

where Mb2 is the bosonic quadratic mass matrix.

Similarly, for fermionic degrees of freedom, proper mass matrices My are defined by

Jo' =My, (5.1.4)

and their squares are

M7! =M™ My (5.1.5)

where Myr; = (Mf U)*.

5.2 Mass matrices in half~-maximal supergravities
5.2.1 Scalar fields

We need only to consider the following sector of the Lagrangian

1
7MLy = =302y Dud® D'OY — gV (67) | (5.2.1)

because other terms give higher order contributions in the fields which are not relevant for the
present analysis, as we explained above. We have to stress some considerations: in the ungauged
theories there is not a scalar potential, thus one cannot have supersymmetry breaking Minkowski
vacua. When we gauged the theory, the scalar potential necessarily appears to preserve the
invariance under properly covariantized supersymmetric variations, thus scalar expectation values

on the vacuum can lead to spontaneous supersymmetry breaking.

Let us denote by (¢%) the scalar vacuum expectation values. As previously discussed, we
are interested in Minkowski vacua that completely break supersymmetry. We expand the scalar

potential in powers of ¢% around the expectation value (¢%), which has to be a solution of
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equations (4.4.10[)-(4.4.12):

T 1 Tx Txn
V(‘ZS):Zn;D(wl”'D:rn)V‘ LT .. ¥
n=0 (%)
1°)% ~ 1 PO
= (V) + Do ot + 3 D(xleQ)V' QLT PE2 4 ... (5.2.2)
- Hoz) (62)

where we have defined ¢ = ¢ — (¢%) and in the third line we have imposed the Minkowski

vacua and critical points conditions. We can write

1 ~ ~ 1 -~
e 1Ly = —igggDﬂgﬁ@D“qﬁg —5 Dy D“)V’ PE P2 + higher order terms , (5.2.3)

(¢2)

1
and the Euler—Lagrange equations are
D,D"$* = g*¥D, D,V ¢ . (5.2.4)

Therefore, the scalar mass matrix is

M*E, o ME
Mgz y = ngD(sz)V| = ( s st> ; (5.2.5)
! T ey \MYy M
where
Ma:y _ gzzD(sz)V‘ , (5.2.6)
(¢2)
M=, = ga:yDstvl 7 (5.2.7)
(¢2)
M, = gStDtDzV‘ ’ (5.2.8)
(¢2)
M, = gsuD(th)V‘ . (5.2.9)
(¢2)

To give the explicit form of this matrices is a mere computational task, once we recall the explicit
form of the scalar potential in terms of the partially-dressed embedding tensors (4.4.6) and use
derivative relations of these tensors, shown in appendix [C] We will not give here the explicit

form, which is very long and not illuminating.

5.2.2 Vector fields

We have already written the equations of motion for vector fields in (4.2.32)), but now we
have to pay attention to some details. Let us consider first the kinetic part only, which can be

rewritten in a more useful and compact way:

- 1 B /1
e 0L bos |kinetic = 5Aﬁ/l+ <—2€WPU77MNDV9,]D\; > + 5Aﬁ/[ (25#VPU7IMND1/9£,\;+)
= 0A) Mo My D, GNP + ... (5.2.10)

= 6A£/[aMaﬂMMND,,9{y“Nﬂ + ...,
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where in the last step we have used the on-shell equality between the 2-forms G**M® and FHMe,

As it can be seen from ([2.3.8)) or equivalently from the equations of motion (4.2.32)), the mass
term for gauge bosons comes from the covariant kinetic terms of scalar fields and, to be more
precise, from terms of order ¢2:

1 1
e_I'C‘s.kin :ED;LMMNDHMMN + éDuMaﬁD“Maﬁ

1
(g:)gAuMaAi\w (nPRnQS@aMPQ@ﬁNRS _ MPRMQSGQMPQ@ﬁNRs) + (5.2.11)

1
+ A AL <2§a[M§BN] — MagM 7‘sﬁwaéN> :

Therefore, the squared mass matrix M%M n of the electric and magnetic electric fields is

1 1
MEMe s = MMP pey <4MQSMRT@7PQR@ﬁNST - Z”QSnRTngQR@BNSTJF
1 (5.2.12)
+§M75M56§6P56N - 57[P'£BN]> .

This is a 124 2n x 12+ 2n matrix. Since 6+ n vectors are not physical, when diagonalizing such

matrix we should find 6 + n null eigenvalues at least.

5.2.3 Fermionic fields

Kinetic terms of fermionic fields are standard, but we have to pay attention to numerical

factors, which are different for the three types of fermions entering the Lagrangian.

The complex feature of this calculation is the presence of mass mixing terms between spin—%
and spin—% fermions. Indeed, as we said before, it is necessary to introduce new gravitino fields
in order to diagonalize the fermions mass matrix. This is the so-called Super-Higgs Mechanism:
for ordinary global symmetries, the Goldstone theorem states that for every broken generator
there is a massless scalar particle in the spectrum. When global symmetry is gauged, the Higgs
mechanism describes how these massless modes are eaten by gauge bosons, which become mas-
sive. In supersymmetric theories, fermionic generators are broken and in non-supersymmetric
vacua a massless fermions enter the spectrum, the so-called goldstinos. If supersymmetry is local,
gravitinos play the role of gauge fields and on these vacua they eat goldstinos, such that they

acquire :t% polarizations and become massive.
In order to diagonalize the mass matrix we define:
G = v+ il (5.2.13)
where (¢ are the goldstinos, which are a proper combination of spin—% fermions:

¢ = AT Agix® — BiATT Ay AL (5.2.14)

The mass terms for gravitinos become

B 1 .- 1 .- ' o
(96) 1L*w.mass :§A§j¢uiyﬂy¢uj + gAZQJ¢ui7“Xj + ZA2azj¢L,y,u>\? + h.c.
, (5.2.15)

1 i T v 1 7= 2 ii =
:§A1J¢m"7“ Yuj — §A1jCz'Cj + §A2]<z‘Xj +
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Linearized equations of motion for gravitinos then become:
AU T
VP Dy, = gA”fy“”w,,j , (5.2.16)
and the squared mass matrix of gravitinos is
. 4 .
M%Zj = §A§kA1jk . (5.2.17)

Let us stress a fundamental feature: A;lij have to exist, 7.e. all its four eigenvalues, which
coincide to the masses of gravitinos, have to be different from zero. That is the vacua, with
which we are dealing, completely break supersymmetry. Indeed, the supersymmetric variations
of the fermions are proportional to shift matrices A; and As and requiring A; to be invertible is

equivalent to say that it does not exist a fermion variation €’ such that

Ale;=0. (5.2.18)

For ordinary fermions the form of the mass matrix is more complicated. In order to take

into account the different coefficients of the two kinetic terms, we have to consider the fermion

1 i
(@f) , (5.2.19)

multiplet

the mass matrix of which takes the form

My — .0 . \/ﬁz’Agaé %AflklAzijzzi | _27\3/52‘14711611426163‘142'”
: ﬁZA?’aJ'Z ~243a _27\3/5Z'A_WA%J’AzbzZ —2A7MA, Ay

where the second term comes from the interactions in (5.2.15)) containing goldstinos.

) . (5.2.20)

The goldstinos will be null eigenvectors of this matrix, hence they will not contribute to the
supertrace formulas. We note that ([5.2.20)) contains the inverse of gravitinos shift and this can
bring some problems in the computation of the traces. But we are going to present a clever

method to compute the traces of even powers of this matrix using only the original matrix

0 V2iA., 7
M. = . 3az, 2.21
3 <\@A3a; —2A3ab”>’ (5.2.21)

provided that a suitable factor, which is proportional to the trace of the corresponding power of
the mass matrix of gravitinos, is subtract from the final result |[4]. The argument uses the fact
that the term we added to the spin—% mass matrix is fully projected in the goldstino directions
in order to make their masses vanish. Let us give some more details. First, we diagonalize the
gravitino mass matrix by means of a unitary matrix U, such that A, = U7 DU and D is diagonal
whose entries are the gravitino masses m4 > 0, where A = 1,...4. The eigenvectors of A; can
be constructed by applying the matrix U to the orthonormal real basis of eigenvectors of D,

which we write as eiA = 5f4. Indeed, the vectors V4 = U~ ley satisfy
9 4
gAlijVj =maVai, (5.2.22)

where there is no sum on index A on the right hand side and Vy4; = (Vof)* As follows from
(5.2.14)), the goldstino directions are given by

A
Cgia k) Var s (5.2.23)
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which are eigenvectors of the original spin—% mass matrix with eigenvalue —2m 4, where my4 is

the corresponding gravitino mass. This can be shown using quadratic constraints and equation

(5.2.22):
Al _ Asik k
M% <—3iA k )VAk = —2mgy <_3Z,A2aki Vi . (5.2.24)

2a 1

Also, recalling that vacua has vanishing cosmological constant (4.4.10)), we can show that gold-

stino is a null eigenvector of M :
2

(M1 —Ml) A Vv —oma( A2v Yy (5.2.25)

2 a) \=3iaytk, ) A A\ =3i4,,, ) A -

By construction (JV[ 1 — M. ) is fully projected on the goldstino directions and therefore orthog-
2 2

onal directions are null eigenvectors for such matrix. This implies that when we compute the

sum of the eigenvalues of M3", we can actually compute the trace of M3" and subtract from the

2 2
result 227 times the trace of gravitinos mass matrix to the same power. Explicitly

TrM%2 =TrM3 —4TrM3 . (5.2.26)
2 2 2

5.3 Supertrace of quadratic mass matrix

We are now in position that allows us to compute the quadratic supertrace
StrM? = TrMZ —2Tr M2 +3TeM? —4TrM% =0 . (5.3.1)
2 2

In particular, we will show that it is zero, which proves that there are no quadratic divergences

in fully broken half-maximal supergravity at one-loop level.

These traces have no free index, thus they are SO(6) x SO(n) singlets. Obviously the charge
for U(1) phase transformations is zero: adopting the conventions of chapter |4, we can say that
the supertrace transforms according to (e,1),. Moreover it will be shown that these traces
can be expressed in terms of linear combination of fully contracted quadratic partially dressed

embedding tensors.

In order to simplify the supertrace formula, we can use the quadratic constraint, the condi-
tion that imposes V = 0 and the critical point conditions DV = 0. However, since StrM? is
quadratic in the irreducible components of the embedding tensor and it transforms in the trivial
representation of H, the only useful quadratic constraint is , with SL(2)-indices contracted
with M8 such that the U(1) charge is zero:

M*PE, E. " = M*PE,.Es, . 5.3.2
it s B

The critical point conditions (4.4.11) and (4.4.12)) transform according to (e,1)_, (and its com-

plex conjugate) and (J, 6), respectively. Therefore they will be useless for the present analysis.

Nevertheless, the vanishing cosmological constant condition transforms in an appropriate way:

3 9 g 1 , , 4 g
g Boa g M7 = S FoijFg MO — SF, 0 Fogy ' M + GiFisFy e =V =0 (5.3.3)
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Let us start from
TrMZ = M2, = M*, + M°, . (5.3.4)

Using derivative properties of partially dressed embedding tensors (appendix and scalar ma-
trices (3.2.37) and (3.2.38]), we obtain a linear combination of terms proportional to quadratic

partially dressed embedding tensors and to

9" Prai Py ™ = 648060 ¢'PPr =1, (5.3.5)

Thus we immediately obtain the trace in terms of F,e and F,e only:

9 . . . 3
MII :EEaaEﬂaMaB + 2FaaiJFBaleaB + 5Faab7ijaab”Ma5 + anaaEﬁaMaﬁ
. (5.3.6)
- 2nFaai]F,3ajZMa6 + ginFaijFﬁ 2]6045 )
and
M, = 2B Bpa M — SEL P 9N —oF F, inef (5.3.7)
s = 5laa Ba 9 utp aai * Baj ) e
Consider now the trace of the mass matrix of the gauge bosons:
1
Tr M2 = M3y, ZZMO‘BMMN (MPRMQS@aMPQ@,BNRS — nPRnQS@aMPQ@ﬁNRS>
(5.3.8)
+MMN MO eanEp -
We will now use the relations (3.2.49) and (3.2.50)), i.e. we expand scalar matrices MM and
n™N in terms of representatives of SO(6,m). To express the trace in terms of the T-tensor

irreducible components it is a matter of distributing, substituting and recalling properties in
appendix [C| We found
TeM2 = LB B MOP —2F IF, MO 4 FiF MO 4 LnE By MoP

1= 5 aalzBa ~ “Yaai * Paj + Laabij £ g qp + Zn aallBa . (539)

The trace of gravitinos mass matrix squared is the simplest one:

4 s 4 s 4 .
o AT Auj = = FaijF M*P — §iijF6”6aﬁ : (5.3.10)

Tr M2 =
: 3 9

Finally, the trace of spin—% fermions mass matrix is
TrM3 = TrM3 —4TrM? (5.3.11)
2 2 2
where, from equation ([5.2.21f), the explicit form of the first term is
Te M3 = 44,7 Ag,’ + 4Asa0ij Asyy,”
2
= —AF 0" Fpaj M + 9E0qEgaM®® + 4Faabij Fyoy ' M7 (5.3.12)

4 . 4 .
+ 7 Faii Fy TMOP 51 Faii Fy Geab

The final step is to sum properly all these traces:
STIM? =4(n - 1)V =0, (5.3.13)

where we used the condition about vanishing cosmological constant (5.3.3). In particular, it can
be highlighted how this result depends neither on which are the generators of the gauge group
and nor on the number of the vector multiplets when we impose the condition (V') = 0. This is

a non-trivial result.
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Chapter 6

Summary and conclusions

In this work, we began the study of one-loop effective potential in the half-maximal super-
gravity theories in four dimensions. The potential at one-loop can be expressed in terms of the
supertraces of even powers of the mass matrix. Therefore, first we had to find out some proper
terms of the Lagrangian, which gave us the exact form of the mass matrix of the entire spec-
trum. Then, we obtained a wide series of identities of the dressed embedding tensor, which are
not known until now. In particular, in section we found out group theoretically which are
the irreducible components of the T-tensor and defined the partially dressed embedding tensors.
These components allowed us to re-do many calculations of the paper [7] in a quicker way. More-
over, we showed how this machinery determines the handing down of quadratic constraints to
T-tensor components and how mass matrices and their traces can be easily written down from
it. Finally, we showed that there is no quadratic divergence of one-loop effective potential in
half-maximal supergravities, no matter which are the generators of gauge group or the matter

coupling.

Unfortunately, we were not able to go further with calculations because of the number of typos
we encountered in starting this work. Until now we learned that in N = 4 gauged supergravities
the one-loop effective potential has not quartic and quadratic divergences. Using the formalism
we built up, it will be possible to extend the calculation to higher even powers of mass matrix.
It will be interesting to study the behaviour of the supertrace of quartic mass matrix. We have
no evidence to argue about the finiteness of one-loop potential. Thus, in principle we can not

expect this supertrace to be zero in general.

However, the result for N = 8 gauged supergravities is well-known, as well as is known how

to halve maximal supergravities in four dimensions [30]:
E7¢7) D SL(2) x SO(6,6) , (6.1)

where E7(7) is the global symmetry group of the N = 8, D = 4 supergravities and SL(2) x
SO(6,6) is the global symmetry group of half-maximal ones, with n = 6 matter multiplets.
It can be shown that not all N = 4 supergravities with n = 6 are related to the N = 8 via
truncation. Indeed, in order to require this, the irreducible component of the embedding tensor

fam v p has to satisfy additional quadratic constraints:

MNP _

farinp £ : e’ fanunp faqrs) =0 - (6.2)
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Imposing these further constraints to be valid necessarily implies that quartic mass matrix has
vanishing supertrace. However, if this supertrace will be not identically zero, we should find
which conditions on the gaugings could turn this to be zero. Equations (6.2) are obviously a

subset of these.

Finally we will have to study properties of supertrace of higher powers, e.g. positivity of
STrMS or, when it vanishes, STrM®, in order to study whether a small cosmological constant
could be generated at quantum level or not. In particular, it will be interesting to know if
the corrections to the potential are always negative, or positive. Probably the increasing of
calculations amount will need new techniques to evaluate these traces, or we will be forced to
analyse only known gaugings, which are simpler than the general formalism with embedding
tensor. Then, the following step might be to analyse the effective potential of both N = 8 and
N = 4 supergravities at two-loops, in order to make more clear the vanishing mechanism of

higher loop divergences, if any, also in gauged supergravities.
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Appendix A

Functional methods and the effective
potential

We are going to introduce briefly some of the formalism that we used in the chapter

A classical field theory is described by a Lagrangian density L(,, 0¢,) and the classical field

configuration can be found by extremizing the classical action functional defined by

I[py] = /d‘*m(@,, o) . (A1)

From now on, let us suppress the index r and consider only a real scalar field to simplify the
notation. The general case can be trivially obtained from what follows. Let us introduce a source

term in the Lagrangian

L(h,0¢) = L(¢,00) + ¢(x)J (x) ,

(A.2)
16 - 116+ [ 42 6(0)(@)
Now we can define the generating functional Z[J] of Green’s functions
200 = /ch I+ das@I@)/m — (o) (A.3)

which is the transition amplitude from the vacuum state in the far past to the vacuum state in

the far future in the presence of a source J(x) of the field ¢(z).
W = Z10] (A.4)
defines the connected generating functional W[J]. Indeed, we can expand it in Taylor series

Wi =Y % /d%1 A G (@, ) T(1) . T () (A.5)

where G (z1,...,x,) are connected Green’s functions with n external lines. We also define the

classical field .
SWIJ] _ (7| o(x) [227)
=S T ), o)

It is possible to invert this relation and to express J(z) in terms of ¢.(z). By means of a

functional Legendre transformation we define the quantum effective action
Mlod = WI60) - [ dlas(@)on) (A7)

63



64 APPENDIX A. FUNCTIONAL METHODS AND THE EFFECTIVE POTENTIAL

which does not depend on J(z).

It is easy to verify that

Tlod
Selw) ~ T (48)

which will be useful in what follows. We also expand the effective action in Taylor series

Mo =Y - /d4a:1 oAb T (2, ) Sel@r) - belan) | (A.9)

and it can be shown that I'(™) (1,...,my) are 1 particle irreducible connected Green’s functions
with n external lines. We alternatively expand the effective action in powers of momentum of
the field and we obtain

o] = /d4x [—V(gﬁc) + Z(;bc) 0,90 ¢ + (higher order derivative) | (A.10)

where V(¢.) is the effective potential function. By comparing these two different expansions,
it can be noted that the n' derivative of V(¢.) is the sum of all 1PI graphs with n vanishing
external momenta (¢, is constant). Indeed, the sum of Feynman graphs with n external lines
correspond to i—times the Fourier transformation of the Green’s functions I'(™) (p1,---,Pn), also

called proper vertices:
m)* T (py,...,py) 6 (Z pi> = / Ay ... dig, e@Prttep) PO () (AL
i=1

where 8% is due to translational invariance and I'(™) (p1,--.,Dpn) are evaluated with no propagators
on the external lines. Thus, by equating expansions (A.9) and (A.10) with p; = 0 Vi (¢c(x) = @)

it is easy to find
. 1 =
Vige) =iy ~ i ™(0,...,0) . (A.12)
n
This is important in the study of spontaneous symmetry breaking. Let us suppose that our
Lagrangian density has an internal symmetry. SSB occurs if the field ¢. develops a vacuum

expectation value (¢) which does not respect the symmetry, even when the source J(x) vanishes

5T
0¢e

=0. (A.13)

¢c:<¢>

Vacuum state has to be Poincaré invariant, i.e. Lorentz invariant () = (A4,) = 0, where 1) and

A, are fermion and gauge fields respectively, and translationally invariant

av
doc

~0. (A.14)

¢c:<¢>

In order to require stability, the stationary point has to be a minimum of the effective potential.

To explore the properties of the SSB theory we define a new field with vanishing expectation

value ¢/ = ¢ — (¢), which corresponds to the classical field ¢, = ¢. — ().



Appendix B

Fermion i1dentities and conventions

For space-time flat metric mostly positive convention is chosen:

o = (‘1 H) , (B.1)

and the Levi-Civita is a totally antisymmetric proper space-time tensor such that

123 — =1 , €0123 = —€ . (BQ)

As usual gamma matrices satisfy
{vwt = 2nu () =" V5 = 190717273 - (B.3)

Vector indices of SU(4) are raised and lowered by complex conjugation. However, for fermions

we need the matrix

B =ivsys , (B.4)

for example to define x; = B (Xi)*, in order to ensure that yx; transforms as a Dirac spinor when
X' does. The complex conjugate of chiral spinors has opposite chirality, e.g. x; is right-handed.

For y; = (Xi)Tyo, we define Y = (y;)*B.

Right-handed spinors can be described by Weyl-spinors x“, and left-handed ones then turn to
conjugate Weyl-spinors x4. Here a and & are (conjugate) SL(2,C) vector indices. In the chiral

representation of the gamma matrices are

o (fﬂ ‘70“> 7 (B.5)

- <g g) , B= (_06 8) . (B.6)

where € is the two-dimensional epsilon-tensor and o = (I, 7), o = Mot = (-1, 7) contains
the Pauli matrices. We find right-handed spinors to have the form x = (x¢, O)T, while left-handed

and

ones look like x = (0, Xd)T. For example, if x* are the fermions of the gravity multiplet, we have

X = (0, Xé)T and its complex conjugate is given by x; = (x§, O)T where the Weyl-spinors are
. *

related by x§ = B (Xlﬁ) .
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The charge conjugation matrix satisfies
B=B"=p'=B", (B.7)

and
Bvy,B =~," . (B.8)

Adopting the convention (n17m2)" = n1*n2*, where 17; are generic Grassmann variables, this

machinery yields

Aixi = Xih = (Mx7)" = (N7 (B.9)
Niv*xg = =X = (M) = = (X)) (B.10)
N xg = XA = (V) = (0N (B.11)
Xy x = =X = (N Pxd) " = = (RPN (B.12)

and similar relations with an upper and a lower indices.



Appendix C

Useful properties of T-tensor

In the section we introduced the irreducible parts of partially dressed components of
the embedding tensor E,e and F,e (with e a irreducible set of SO(n) x SU(4) indices) and the
irreducible components of T-tensor. However, when we dress the tensor foanvp with SO(6,n)
representative matrices L™, we do get reducible tensors. Hence, first we have to decompose
these tensors in the their irreducible part. In the second part of this appendix we will provide
expressions of either SL(2)/SO(2) or SO(6,n)/SO(n) x SO(6) covariant derivative of T-tensor

as a linear combination of its components.

C.1 Irreducible components of I,

In the following, we will only deal with F, ., but what we are going to say is easily generalizable
for Fy (and FY).

When we dress the tensor foynp with L,L»jM (and L, ™) matrices, we obtain in principle
tensors with two, four, or six SU(4)-indices. The former transforms trivially according to the 6,

hence it is irreducible: while the latter two are not.

Let us first consider the tensor

Faoij M = aMNPLoMLijNLPkl ) (Cl)
where o can be either a SO(n)-index in the fundamental or SU(4)-indices in 6 representation.

Group theory tells us that this object transforms in the (6 ® 6) = 15, thus it can be written

asym
as a linear combination
. .
Faoij = faMNPLoMLz‘kNLp] y (02)
which is traceless. Indeed
1
Faoij M= Zfijmneklopfa]\/[ Np L.MLNanOpP
= 4faMNPLOML[imNLP[km5;‘]] - faMNPLoMLijNLPkl <C3)
k1
= 4Fao[z[ 5]] - Faoij M )
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where in the first step we have used pseudo-reality condition (3.2.43)). Rearranging left and right

sides, we obtain what we expected

Kl _ [k ]
Fawig™ = 2Eui 01 - (C.4)
Now, we have to consider terms with six SU (4)-indices
Foijia™ = fanen " Lig™ L™ Lp™ (C.5)

which can be interpreted as a particular case of the tensor shown above, with e = ij. Then,
without lost of generality we can restrict to tensors of the form

F z‘jkl = faMNPLijMLkmNLle . (C.6)

[

=10 ® 10 and then F._.. ! is a linear combination of F, gl

Group theoretically (6 ® 6 ® 6) asym wijk

and Fy;; defined in (4.3.9) and (4.3.10) respectively:

I _ 1 . lmigia M 1112 N P
Faijk —meme fo NP Ly P L Ly,

= _faMNPLijMLkmNLle +2+2f un PL[imMLanLPmn(sé‘} + 2faMNPLk[iMLj]mNLle

== _Fozijkl + 2Fak[z5§] + 2Fak[z]]l 3
(C.7)
where we proceed as in the previous case. Then

1 o o
I Z¢  eq .. f MNPy d1iay dgiag Im
Fak[ij] = 4621zzk[zej]m1314fa Ly 2Ly Lp

1 1
= ieijkofaMNPLmnMLNlmLPon - faMNPLk[iLj]mLle - §€z‘jmofaMNPLanLNlmLPon
1 I . . !
= geukmFa™ = Fapig) + 5 Faniy) — 3 Faki%) -
(C.8)
where, in the first step, we used the symmetry property
T[ijklm] =0 = €lijkl€m]nop = 0, (Cg)
and in the second we recover the symmetry property (3.2.45)). The final result is
2 1
Foin' = —§5f¢Faﬂk + geijkmFa m (C.10)

C.2 Derivative properties

Let us focus on derivative relations between T-tensor components or partially dressed foyrnp,

504M~

SL(2)/S0(2) covariant derivative Dy turns E, (Fe) tensors into El (F.T ), and vice versa. This
is straightforward to prove recalling the properties (3.2.37)):

D,E, = P,E} | D,El = P*E, , (C.1)

DyF, = P,F} , D,F} = P'F, . (C.2)
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Studying properties of E,e under the action of SO(6,n)/SO(n) x SO(6) covariant derivative Dy

is simple as well:

D,E," = P,"E,;; , D,E,"” = P,YE,, , (C.3)

where we used derivative conditions (3.2.59))-(3.2.62]) on SO(6,n)/SO(n)x SO(6) representatives.

While D, action on F,e tensors shows a more complicated feature:

DzFa /- fBM NPLQM <€klanNZkLPJl) Pz amn 2fBMNPLaMLklNLP(J Pz az)k

2
_ (i ki) _ (@ )k
=3F " P, = 3p Pk
DoF, i = Fopni? Po™ + E 7" Pl — o P
5 aat amni ~ Ta aab x ik aabik *+
2k 2 ik ikp b bik C4
- gFOé] anik N § m’kanZ +Faab] Px ik Faabik P:c J ) ( )
DIFaabij = Faabc Px ctj + faMNPDa: (LaMLbN) LPij
. .. Kl
= Faabc P:B I+ 2Fa[akl N sz]
= Foape Py = 4Fa[ak; [ZPatb}J]
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Appendix D

(Quadratic constraints on T-tensor

In section we have shown that the embedding tensor has to satisfy some quadratic con-
straints in order to obtain a theory which is invariant under the local action of a subgroup Gy of
the global symmetry group G. In four dimensional half-maximal supergravities this constraints

can be read as a set of quadratic constraints on the irreducible components foarnvp and Eqpr-

These irreducible tensors split into one or more irreducible components of T-tensor and
quadratic constraints are handed down to these new tensor. In what follows, we will give with ev-
ery quadratic constraint on partially dressed embedding tensor, its corresponding representation
under the action of SL(2) x SO(n) x SO(6).

Let us consider the simplest quadratic constraint (4.2.8)):

N eanésn =0, (D.1)

and using the decomposition (3.2.49)) for the SO(6,n) metric, it straightforwardly translates into

a quadratic constraint on partially dressed embedding tensors Eyq and Ey;j:
(3,0,1) BooEga = BaijEY . (D.2)

Things get more complicated when we consider the remaining constraints (4.2.9)-(4.2.12)), but
we can make our life a little bit better by making extensive use of symmetry properties and

Clebsch-Gordon decomposition of tensor products of representations.

The second constraint reads

" enp farun =0, (D.3)

where free-indices M, N are antisymmetric. Thus we can dress them with either LUM LklN ,
LijM LN or LMLN. Let us remember that the SU(4) representation product

6 Dasym 6 = 15 (D.4)

which is the traceless part of 4®4. Then, without lost of generality M, N indices can be dressed
directly with Lik[MijN], instead of LijMLklN (these kind of tricks simplify a lot the amount of
computations needed to obtain the final results). Finally, with a little effort and the combined

use of properties of scalar manifold representatives (sec. [3.2.2)) and partially dressed embedding
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tensor (app. we find the three independent constraints:

(3,.715) E(aaFB)aij = gE(aZkFB)] — gE(aj Fﬁ)lk y <D5)
k
(3757 1) E(acFB)abc = E(aijF,B)abij : (D7)

This procedure is almost identical for the fourth constraint (4.2.11))

e*? (n"%¢up faqun + Eanrban) =0, (D.8)

which differs only for the symmetry of SL(2)-indices and has a extra terms, that is very simple

to treat:
(1,0,15) &ﬂ(ﬁbwa%ﬁl+ﬁbmﬂkﬂj::%éw(ﬂgmfbﬂt—EdMF@k), (D.9)
(1,0,6) € (=2BaiFy" + BaaBpis) = € Eoy iy - (D.10)
(1.H,1) ¢® (BaaEsy + FEoacFpave) = €PE, " Faapi; - (D.11)

Now we consider constraint (4.2.10|):
307 furpan fapqys + 28 faynpg =0 - (D.12)

The four SO(6,n)-indices are totally antisymmetrized. From dimensional analysis it is a trivial

result to find how the following representations product decomposes:

6062626), . =15, (D.13)

asym

Then we can dress the constraint with LikM LN leP Li™Q  without loosing generality, and the

resulting constraint will be traceless:

k k k k _ kl l k
E(ozszB)] + E(a] Fﬁ)zk + gF(aszB)] + 3F(aai Fﬁ)k’j = (5‘27 <3F(ale/3) + ZF(aak‘ Fﬁ)al ,)

(D.14)
transforming in the
(3,0,15) . (D.15)
We recall also the previous result
(626®6),,,=10+10, (D.16)

thus we can contract (D.12]) with LikM L le LMPL,9 and the final formula of quadratic constraint
in terms of T-tensor will be symmetric in the indices ¢, j: we will have 10 complex constraints

from this structure, times n real ones from the free index a:
(37D, 10) E(aaFB)Zj — BE(CM(lkFﬁ)aJ) k + 4F(a(ZkFﬁ)aJ) k + 6F(Oéb(z kFﬁ)abj)k . (D].?)

In working out this constraint we have has to pay attention to some subtlety: indeed when we
consider expressions like LikM L ﬂN LF'P and resort to pseudo-reality condition ([3.2.43), indices

symmetry have to be taken into account:

1
LikMleNLklP _ §€(ikanmnMLj)[NLklP , (D18)
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otherwise we will end up with an expression in the right hand side that will be no longer symmetric
in 4, j.

Remaining contractions with either two, three or four L, representatives will be trivial:

. ” ” 4 ”
(3=H7 15) 2E(a[aF5)b}i] + E(aikFB)ab] - E(a] Fig)abik + 3 (Oﬂ'kFﬁ)ab]
ip kg 2F wapeFar ) —AF, kR I _AF, F.. /% =0
- g (o B)abik + (cabet'Bye; (afai T B0k (alacikd gyple  — V>
(D.19)
_ k
(37@,6> E(aijFpyabe + 6F(afabif p)cdij = 3E(afalBoclij + 12F afai LB)bcljlk »
) (D.20)
<37E7 1> 3Fae[abF,Bcd]e + 2E(a[aF,6’)bcd] - 3Fa[abijFﬁcd} v

Finally, we have to reduce the last quadratic constraint (4.2.12]):

e (0™ farinrfspos — 1" Ear faspapnQiNg — Sap fanpq) + Satpfaquung) =0 . (D.21)

This will give five (reducible) constraints on T-tensor components, because of the structure of
its indices: it is antisymmetric in indices M, N and P, ), but it is also antisymmetric in the
exchange of the couples (M, N) and (P, Q). Then, dressing it with four LijM representatives,

we have a quadratic constraint in representation product
15 ®asym 15 = 15 @ 45 H 45 . (D.22)

The relation between partially dressed embedding tensor (we are dressing the relation with
L, MLMNL, PLinQ) reads

] . 1 1 A
lF,Bak] - ZEaaFﬁai](sgﬂ + ZEaaFﬁakl(sz? + gEa(imFﬁk)nejlmn+

aai

1 ; 1.
€aﬁ(§EaikF5]l - gEa]lFﬁik + I

1 m j)n 2 jm 2 mgj 2 jm n 2 jlmn
_gEa(l ng) €ikmn T §Fo¢imFﬁ] 62 - §FakmFﬁl 53 + §Fa] Fﬁl €ikmn — §FaimF,Bkn€]l ) =0 ;
(D.23)
which transforms according to

(1, 0,15 ®asym 15) . (D.24)

We can write explicitly the 15 components on the constraint by tracing with 5{“:

af ko i, 8 k) _ 25 a8 Ik

(1,0,15) €N Foai" Fpap” — Eaakyy” + §FaikFB = §5ie ForFg™ . (D.25)

Contracting with a single LM representative, the descending constraint will transform in

representation
(1,00,6 ® 15) = (1,1,6) ® (1,[1,10) ® (1,1,10) & (1,01, 64) . (D.26)

If we dress (D.21) with L, LijN LT L@ the 6 and 10 follow straightforwardly by tracing

over [ and j (or ) and considering the antisymmetric and symmetric part in the remaining two
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indices, respectively. The general constraint is

1 1 2 1
e? <2EaijF,8akl + §Ea[ikFﬁaj]l + gFa[z‘kFﬂaj]l + Fopi' Fpabij — gEaaFB[ik‘sé‘]_

1 1 1 1
—gEaaFBlmfijkm - *EabFﬁab[ik% + éEabFﬁab M ikm — zEa[imFBakméé‘]_

4
) ) . (D.27)
—ZEakmFﬁa[iméé] - ZEa“"Fﬁak”qjmn + éEalmFBaanjkn_
1 mn l 2 m sl 2 im n
~g B Faam €ijhn & 3 FakmFa ™0 = 3Fa™ Foap"€jjkmn | =0,
and its irreducible parts which are relevant for our analysis are:
1 2 1
(1,00,10) e’ <_2E0¢(ikFﬁaJ’)k + 3 FatitFaan " + Fapi " Faabjk = 2EaaFBij> =0,
(D.28)
and
od(lp p ki 2R oF, kilp o kp o
(1,D,6) € Z alik Baj] + § alik Baj] + 5 abli Babjlk + g abl’ Babij
(D.29)

1
3% leﬂakm€ijlm> =0.

There are two inequivalent ways to dress the constraint (D.21]) with two L," and two LijM

representatives. We contract first with L, jM LN LKP LbQ and the resulting expression transforms

into the representation
(1,01,6) @asym (1,01,6) = (1,H,1) & (1,H,20") & (1,,15) & (1,(17,15) . (D.30)

Its explicit form is

1 W, Lok k ! Kl kol

6a6 <2EaijFBab + QEO‘ Fﬂabij + 2Foza[i[ Fﬂbj] ] + FaacijF/jbc + 2Ea(aF,8b)[i[ 5]]}4‘
ka1 ka1 kg 1 km ol

+2Faa[imFﬁbm[ 6]]] + ZEacFﬁabcél[ 6]] — iéabEacFBc[i[ 6]]] — géabEa[imF/j[ mé]]]"_

1 g 1 k<l
+§6abEa[kmFB[@m6j]] — zEaman)’abmn(sz[ 5‘7}) =0.
(D.31)
Then we dress it with L, L,N L, P L7*? and the following constraint is

(1,H,15) €\ GBaikFgar”” = SE" Fpavik = g FainFlgey” + 3 Fa” Faapin +

(D.32)
_Ea[aF/Bb}ij + Faach/jcij> =0
The remaining constraints are simpler:
1 1
(17 @7 6) 60[5 <_Eoz[aF,Bb}cij + §EOZCF5(lbij - iEaijFBabc - FaabdFBcdij

(D.33)

1
_2Fac[ikFﬁabj]k: - §EadFB[adij5b]c — EofinEgq1 k5b}c) =0,

(LE, 1) P (FaabeFpede — EoeFaeclafeday) — BalaFavjjed) + BafeFpaay) =0 . (D.34)
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