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Abstract

We apply techniques in generalized geometry and graded geometry to aspects of
gravity theories, reproducing the physical theories with novel mathematical structures
underlying the framework. We propose a non-symmetric metric gravity theory from a
deformation of a Courant algebroid in generalized geometry where the algebroid axioms
remain preserved. This theory extends Einstein’s general relativity, by including the
kinetic term for a Kalb-Ramond field. In the context of graded geometry, from a
particular type of deformation of the graded Poisson brackets, we obtain a teleparallel
gravity action, while another type of non-trivial deformation features curvature besides
the metric and a connection manifested in the graded Poisson structure.

Using the graded variables from graded geometry, we formulate Galileon theories
elegantly in a more compact notation, in which we profit from the formalism in gener-
alizing the theory to arbitrary spacetime dimensions, and arbitrary number and type
of fields. The connection to linearised gravity is made by considering mixed-symmetry
fields. The main goal is to ensure second order field equations for our Galileon theory.

Finally we end the discussion of the various actions in different theories with inves-
tigations on the solutions from Einstein-Gauss-Bonnet-dilaton theory. By studying the
black hole solutions of this theory using a quasi-normal mode decomposition, we learn
about the mode stability of the black holes, which turn out to be stable under linear
pertubations. With data from the future higher sensitive gravitational wave detections,
the current large class of modified gravity theory proposals can be strongly constrained,

and either favoured or ruled out.

Keywords: Non-symmetric metric; Courant algebroid; Contortion; Graded geometry;

Galileon; Mixed-symmetry tensor; Quasi-normal mode; Black hole (mode) stability.
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1 OVERVIEW AND MOTIVATION

1 Overview and Motivation

Gravitation has long been known to be closely connected to geometry. Einstein’s general
relativity theory (GR) has since successfully prescribed the geometric nature of gravity. We
will begin the thesis by presenting a historical review of attempts in generalizing GR. One
of the motivations of the generalization is the quest for the ultimate theory of nature. We

will focus on a number of the proposals.

One straightforward generalization of Einstein’s theory of gravity takes an anti-symmetric
part in addition to the symmetric Riemannian metric into account, as any rank-2 tensor can
be expressed generically in symmetric and anti-symmetric parts. This became later known
as non-symmetric gravity theory (NGT). A good review of the various models can be found
in [1]. It all started with the motivation of Einstein (and Straus) [2] to geometrically unify
electromagnetism and gravity. While gravity is described by the symmetric part of the met-
ric, the anti-symmetric part was hoped to represent the anti-symmetric field strength in
electromagnetism. The effort was in vain when the theory failed to describe the Lorentz
force between charged particles. The history of the conceptual development of the field can
be found in [3].

Schrodinger [4] proposed another approach to generalizing Einstein’s gravity with a Born-
Infeld-like, real Lagrangian, using a non-symmetric Ricci tensor R,,,. The Lagrangian density

is in a square root of the determinant of the Ricci tensor,

2
L= X 1 —det RNV s (11)

where A is a real constant. The non-symmetric metric in Schrédinger’s proposal is defined

as the derivative of the Lagrangian with respect to the Ricci tensor,

= on (1.2)

The connection F};/\ is treated as a fundamental variable. The Ricci tensor and the non-

symmetric metric are connected by a constant A,
Rkl = )\gkl . (13)

The value of the constant A, unlike the cosmological constant in Einstein’s theory, is irrele-
vant, though its existence is necessary. The metric g here is a sum of Einstein’s symmetric
metric and an anti-symmetric tensor. The anti-symmetric tensor is defined like the electro-

magnetic field strength,

2 /oIy, Ol
Fy = — — 1.4
where .
L= 5( Ka - g)\) . (1-5)



1 OVERVIEW AND MOTIVATION

The following relation describes mechano-magnetic phenomena,

O\N(Rix + Fir) — (Rox. + Fo)'TY, — ("Riv + Fis) TS, =0, (1.6)
where 5
Ty =T+ 3 AP (1.7)
and
Rir + Fir,. = Agir: - (1.8)

A review of non-symmetric purely affine gravity can be found in [5] . Proposed by Ferraris
and Kijowski, the Lagrangian density for the unified electromagnetic and gravitational field
is 2

L=~/ ~det By QusQpu PP . (L9)
where P*” is reciprocal to Ry, Qu = R’ ,., is called the “second Ricci tensor” which
represents the electromagnetic field and e has the dimension of an electric charge. The usual
Ricci tensor is defined as R, = R’ ,,,,. In this Lagrangian, the determinant of the symmetric
part of Ricci tensor is considered. The expression is further multiplied by quadratic terms of
the “second Ricci tensor”. This construction is equivalent to the sourceless Einstein-Maxwell

equations [6], [7].

The string theory sigma model incorporates both the symmetric metric and an anti-
symmetric tensor field into the theory. It became an inspiration to [8] to attempt a similar
combination for gravitation. The idea is to construct a geometric theory, with objects built
out of a metric. In this work, the generalized non-symmetric metric consists not only of the
symmetric G, and anti-symmetric B, parts, but also terms expanded in the anti-symmetric

tensor fields which carry non-trivial index distribution,
9y = Gy + B, + BB, + BB BosG + . .., (1.10)
where its inverse is
g =G" 4+ B" + (1 — a)B"B," — BB BosG" + ... | (1.11)

while

\/—_:\/ﬁ{ué(%—ajtﬁD)BaﬁBaﬁ}+-~ (1.12)

with constants «, f and spacetime dimension D. The non-symmetric connection coefficient
is given by
1
L(9) = T (G) + 5 (VB = VB, =V, B,) (1.13)

up to first order in By, with the connection V defined with respect to the metric G. T}, (G)
is the Christoffel symbol. Higher order terms are defined in equation (A.6) in [8]. The

6



1 OVERVIEW AND MOTIVATION

authors found that the massless geometric theory contained propagating ghosts, plus gauge
invariance of the theory could not be restored. Hence, a model with various parameters
was proposed. The Lagrangian is a sum of the Einstein Lagrangian, a massive ghost-free
Lagangian for the anti-symmetric field, and matter coupling terms:

V=G . =G

1
4K2 R(G) = =5~ K2

1
ZHJ?B?} - éfHAWJ*AWjL... : (1.14)

H2
[12 *

where x? = 47rGy with Newton’s gravitational constant Gy, p is the mass of B field, the
coupling constant f is dimensionless if B, is dimensionless, and J# is the fermionic current
defined by J*M = ¢M¥ ] with an anti-symmetric constant Expva = e = £+1,0. The

7

part “...” in the Lagrangian consists of terms such as Lpr = (B, F*")? for coupling
between B and electromagnetic field and for coupling between matter field and metric as
in Lpirae = V=G 97° (e“@ + ;Flc’aab> ¥, where e# is the vierbein and o} is a polarization
tensor. f’;a is a general connection coefficient. It is a sum of the Christoffel symbol and other
terms in B and H,

% = T%(G) + ¢V’Bey + d§g* Hoey + . .. (1.15)

where ¢, d are additional parameters. The connection V is defined with respect to the §
which is (1.10) but without the odd number of B.

In the non-symmetric gravitational theory of [9], the non-symmetric metric is defined as

Guv = G(uv) + 9luv] » (116)

where
1

1
o) = 59w+ 90) s Gyt = 59w = 9) - (1.17)

5
The contracted curvature tensor defined in terms of the non-symmetric connection! W is

Ry (W) =W, ;— ( oy F W ) = WE W + Wo,We, (1.18)
2
=R,.([I)+ 3WW, , (1.19)
where
B B B o B8 o
Ryu(D) = T, 5= 5 (rw) +T0, M) ST, T, + T TS, (1.20)
W, = 5(W;A -3, (1.21)
2
A A A
Wo =T, — gaﬂw,, ) (1.22)
(1.22) leads to
L, =Thy=0 (1.23)
L As usual, Wuv P denotes (%Wﬁ
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in 4 spacetime dimensions?. By

Ru(W) = R* (W) (1.24)
we can work out the curvature in W
(o 1 (o
Rt VO‘B(W) = aOtW:B - W:BWI/Q - 5(85W#a + aVW#a) + W#a vB (125)
and thus in I’
loa 1 loa
Rt Lop(T) = Gal“’:ﬁ — FgﬁFm — 5(85F‘(‘Va) + 6,,F’(”Ba)) + F?Ga) 0B - (1.26)

The NGT Lagrangian density proposed in [9] is
Lnar =Lr+ Ly, (127)

where

1 1
Lr=g" R, (W)—2\/—g — ZMQg“”gw — I WuW, (1.28)

with a non-symmetric metric density gt = \/—gg"”, where X is the cosmological constant
and p? is here an additional cosmological constant (with dimension of an inverse mass), and

the matter Lagrangian density is

Ly = —8mg"'T,, , (1.29)
where T, is an energy-momentum tensor density. Note that
g‘uygm/ = gyﬂguo = 65 . (130)

In first-order formalism, varying the Lagrangian density with respect to the non-symmetric

o 3

connection W7, gives

2 1
&+ 8" W + g W, — g WY, + S0, W + (81 Wady — g W) = 0. (1.32)

Assuming A = 0, in linear approximation, the non-symmetric metric is expanded about the
Minkowski metric 7, = diag(+1,—1, -1, —1),

Juv = N + (1)hp1/+~~-, (133)

where (1)h[M is let to be equal to v,,. The anti-symmetric part of the sourceless field

equations can be obtained from the Proca-type Lagrangian,

1 2 1 2 1 2,12
Ly = ;lw VA T 5% TR (1.34)
2Comment: To consider general spacetime dimension D, we may replace the 3 in the denominator in
(1.22) with D — 1.
3 Comment: It shows a resemblance to the standard metricity condition from GR,

Vigik = 0igjk — Djgu — Tipgju =0 . (1.31)
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T, .. Tt was proven in [10] that the massive Proca-type theory is free of

__ 16w
where w# = 7 [uv]

ghosts.

In [11], solutions of the non-symmetric gravity theory [9] containing electromagnetic fields
are studied. It was found in [9] that the non-symmetric metric carries only gravitational
effect. Therefore, to consider additionally the electromagnetic effect, the following NGT

Lagrangian density which includes electromagnetism and sources was proposed [12],
L= ngRlW(W) +vV—=yg (K(Q[MV]FMV)Q - HW/F;W) + 'CM . (135)

R, is the NGT contracted curvature tensor (1.18), F),, is the electromagnetic field, H,, is a
skew tensor defined as ¢,397° Hyo + a0 9’ Hpy = 2G009°" F3y, and & is a coupling constant.
The contravariant tensor ¢g"” satisfies (1.30). When F),, vanishes, the theory reduces to the
NGT of [9].

By introducing an NGT charge ¢ which has been identified with an integration constant
resulted from the solution of one of the field equations, and a dimensionless constant s which
is also related to the solution of another field equation for the static spherically symmetric
case, together with the ordinary mass M and electric charge () which usually contain in
Einstein’s gravity theory solutions, the resulting field equations in the theory do not possess
singularities. The authors argued to replace the black hole with a new stable, superdense
object (SDO). For sufficiently small £2 and s, the theory agrees well with the experimental
observations. Using the g,, form derived by Papapetrou [13| for a static spherically sym-
metric field (cf. equation (3.1) in [11]), for a body in this non-singular NGT solution, the

M exp(—m/s — 2), where

proper volume when Q = ¢? = 0 near r = 0 is given by V =
the surface area is 47r? and the circumference is 27r. However, it is observationally difficult

to distinguish an SDO from a black hole [11].

Another recent motivation to look into modifications of the theory of gravity is the hope
that the dark matter will be naturally incorporated into a modified theory. In [14], the
authors are interested in the relevant cosmological implications. In the limit of small anti-
symmetric field (denoted as B-field), to avoid alteration of the original GR theory, they found
that an ad hoc mass m for the B-field is needed. A concern is that an instability of the B-field
could occur in the different eras of the universe. The parameters in the Lagrangian thus are
needed to be treated or even fine-tuned in the favor of B-field stabilities. A guiding principle
to appropriately linearise NGT is still missing. The full linearised B-field Lagrangian was

proposed and argued to be of the necessary form [15],

1 1
L = V-G (R +2A — EH2 + (1m2 - BR)BZ)
+V=G (—aR,B"* By " — YRuasB" B*’) + O(B?) , (1.36)

defined with respect to the GR background. The natural choice for the parameters according

to the authors is a = . It is remarked that the anti-symmetric B-field as a dark matter

9



1 OVERVIEW AND MOTIVATION

candidate indicates a modification to gravity at a certain length scale.

The search for a quantum gravity theory has invited numerous approaches. String theory
is an ambitious proposal as a quantum theory to unify gravity and all other fundamental
forces in nature. The low energy limit of superstring theory gives the supergravity action
(SUGRA). At high energies (that is, short distances), gravity is deemed to behave radically
different from GR. SUGRA is viewed as an extension to GR. In SUGRA, infinities in the
S-matrix cancel at first and second oder of quantum corrections due to symmetry between
bosons and fermions [16]. However, it remains an open question if the cancellations persist
at higher order. From the supergravity action (or low-energy effective string action), the
higher order corrections which are also known as a’-corrections can be realized. This is an
active quest in itself, to study the stringy effects or even beyond in these o’ expansion of the

effective action.

Einstein’s general relativity has been well tested and confirmed by experiments, vali-
dated in the weak field regime. Extension to GR or modifications that build on GR provide
a rich and illuminating platform to test strong gravitational interactions in nature. The
Dvali-Gabadadze-Porrati (DGP) [17] cosmological-model-inspired Galileon theory is a mod-
ification to gravity with a scalar degree of freedom. The DGP model has generated interest
for its self-accelerating description of the universe without the need of dark energy. It is a
model more celebrated at least for its infra-red modification, although it is plagued by some
problems at the quantum level [18]. All our successful physical theories, such as general rela-
tivity, electrodynamics, and Yang-Mills theory, have field equations that contain derivatives
up to second order. This fact is related to Ostrogradsky’s theorem [19], which states that
theories with field equations beyond second order in derivatives generically lead to instabili-
ties and contain additional ghost-like degrees of freedom. It is hence reasonable to investigate
the most general Lagrangian which leads to second order field equations, for a given degree
of freedom in arbitrary spacetime dimensions. For the case of a metric tensor, the answer is
in the work of Lovelock who classified the Lagrangians in terms of invariants of the Riemann
tensor [20]. Later, Horndeski came up with the solution for a scalar-tensor theory in four
dimensions [21|. In the case of scalar fields in flat spacetime, such theories are known as
Galileons [22], or generalized Galileons when one permits also first or no derivatives acting
on the scalar fields in the equations of motion [23], [24], [25]. An interesting correspondence
between scalar Galileon theory and general relativity is established in [26], where notions of

the Levi-Civita connection and Riemann tensor have a Galileon analogue.

Another approach to modify gravity is to involve higher curvature terms. In particular,
we are interested in the Einstein-Gauss-Bonnet-dilaton theory (EGBd), which as well ensures
second order field equations, thus has no ghosts in the theory. Similar to the DGP model,
this theory passes solar-system-like tests of gravity. However, differences of EGBd with GR

10



1 OVERVIEW AND MOTIVATION

can be noticed close to compact objects like black holes. The dilatonic black holes in this

theory have a regular event horizon and are asymptotically flat at infinity [27].

Gravitational waves radiated at the unique frequency of the quasi-normal modes shows
an indication of spacetime distortion caused by accelerating massive bodies (black holes,
neutron stars). These quasi-normal modes are predicted by the perturbation equations.
Results from perturbations and full non-linear evolutions of Einstein equations for collisions
of black holes are in agreement [28]. The recent LIGO/Virgo detection of the coalescence
of two black holes [29], starting from inspiral stage, to merger phase, and to ringing (where
quasi-normal modes are relevant) of the newly created black hole, will help us to discriminate
the ultimate theory of gravitation. In this thesis, we are working on black hole quasi-normal

modes. For neutron star quasi-normal modes, see [30].

1.1 Thesis Outline

This thesis is mainly gravity motivated and implicitly string inspired. As we are interested in
the geometrical description of nature (gravity in particular), our work emphasizes greatly the
mathematical applications in physics. The different chapters in the thesis are each written in
a self-contained way. We will be at times pragmatic with the mathematical subtleties, where
the related mathematical background information is mostly stated without proofs. Nonethe-
less, it has been attempted to be sufficiently well-defined, specially catered for readers with
a physics background. Since this is a study in physics, the thesis is inclined to actions or
Lagrangians and in the last chapter the equations of motion of the gravity theories. The
discussion in the thesis ranges from classical gravity to modified gravity theories, in which
aspects of quantum gravity are left for future work. The thesis contains some still to-be-
published material. Results from this thesis which have already been published are cited in

the reference list of the thesis.
The structure of the main content of the thesis is as follows:

In the opening chapter 2, we introduce geometrical objects, namely metric, connection and
Courant algebroids in generalized geometry to obtain a reformulation of gravity that re-
sembles the effective string action. The connection structure in this specific example of a
Courant algebroid naturally incorporates both a metric and a 2-form B-field. The resulting
action, without dilaton, is a non-symmetric gravity action, which is a classical gravity theory

generalized with a contortion which is a skew 3-form.
In chapter 3, graded geometry, which is a mathematical framework closely related to gener-

alized geometry, is employed to study similar structure deformations as performed in the

previous chapter 2. Here, a different connection is discovered after introducing a non-

11



1 OVERVIEW AND MOTIVATION

symmetric metric into the graded structures. Hence another gravity theory can be laid
out. This work was motivated as a step towards quantization of the respective mathematical
structure. Roughly speaking, canonical quantization can be achieved by replacing Poisson

brackets with commutators. This will be an outlook for further investigations.

In chapter 4, using the graded mathematical objects from the previous chapter 3, linearised
Einstein gravity and its corrections are realized from a Galileon-type action for mixed-
symmetry tensor fields. Furthermore, we study couplings of curvature with the scalar and
p-form Galileons in this graded formalism. Given the polynomials of curvature terms aris-
ing from the generalization of the actions in flat spacetime, the Galileon theories in curved
spacetime are known as a type of modified gravity theory. Covariantization of the mixed-

symmetry fields is also investigated.

The final chapter 5 presents a transition from the theory to physical observations, in specific,
gravitational wave radiation. Solutions of a string-inspired modified gravity theory known as
the EGBd, that is, the equations of motion are analyzed. The focus is directed to the mode
stability of black holes* in the EGBd theory against linear perturbations, by studying the
axial and polar quasi-normal modes of the solutions. In this analysis, a computer software

is used to work out the non-trivial field equations.

4 The photon sphere is known to be related as well to the stability of a black hole. In [31], we revisited
the photon orbits of extremal GR black holes. However we will not cover that topic here. The connection of
photon spheres to quasi-normal modes can be found in [32]. One of the outlooks from our work will be to

extend the study to modified gravity theories.

12



2 GENERALIZED GEOMETRY

2 Generalized Geometry

2.1 Introduction

Let us start with a brief review of Riemannian geometry and then continue with an intro-

duction to generalized geometry.

Riemannian geometry has been known well as the geometry subjected to underlying
physics. From general relativity, we are familiar with tensor objects such as metric tensor and
curvature tensor, in addition to the non-tensorial connection. The mathematical definition
for a Riemannian metric g on a differentiable manifold M, is a type (0, 2) tensor field which

satisfies the axioms

9p(X.Y) = g (V. X), (2.1)
g9p(X,X) > 0, where equality holds for X =0, (2.2)

at each point p € M [33|. The Riemannian metric is symmetric and positive definite. It is a

bilinear form which takes vectors X,Y € T),M, where T, M is the tangent space of M at p.

g 0
G =9 <(9x#’ 6xl/) — m (2.3)
at point p.

An affine connection V is a map V : TM x TM — TM, for the tangent bundle TM. It

sends two smooth vector fields to a new smooth vector field and satisfies

In coordinate basis, it is

V(Y +2) = VyYV +VxZ, (2.4)
ViinZ = VxZ+VyZ, (2.5)
Vi)Y = fVxY, (2.6)
Vx(fY) = X[fIY +fVxY, (2.7)

for smooth function, f € C*°(M). In a coordinate basis {e,} = {9/0z"}, with vector field
X = X*e,, the covariant derivative of ¥ with respect to X is
ay"
— I il VK
VxY =X <6x“ +Y FW) €y - (2.8)

I', is the connection coefficient.
Curvature is a mapping R:TM x TM xTM — TM,

R(X,)Y)Z =|Vx,Vy|Z =V ixyZ . (2.9)

Since curvature is composed of connection, it inherits properties of a connection.

RIX+Y,W)Z = R(X,W)Z+R(Y,W)Z , (2.10)
RIX,Y)Z+W) = R(X,Y)Z+R(X, Y)W , (2.11)
R(fX,gY)hZ = fghR(X,Y)Z . (2.12)

13



2 GENERALIZED GEOMETRY

The curvature tensor in a coordinate basis is

R¥ . =0t — 0o,k +TiTIy, —TITS, . (2.13)

e KV

The symmetries of the Riemann curvature tensor are

Rul/)\n = R)\fi,u,lj (214)
Roe = —Ruea (2.15)
Ruxe = —Ryw - (2.16)

It satisfies the First and Second Bianchi identities
R,LL[I/AR] = 07 R,uu[)\nge] =0 > (217)

where “;” denotes a covariant derivative. However, the Bianchi identities are modified when

torsion is taken into account.

A smooth manifold M endowed with a Riemannian metric g is a Riemannian manifold
(M, g). Examples are d-dimensional Euclidean space (R?,§) and Minkowski space (R? 7).

With the metric, we can define distance, which is very useful in physics, by the line element
ds* = g, dxtdx” . (2.18)
For tensors, in particular, for a vector field V', the equation of parallel transport along a path

() is
dVH dx"®

— VY = 2.1
d)\ + HVV d)\ 0 Y ( 9)
with A being the parameter that parametrizes the path. For the vector field V# = %, this
gives the geodesic equation
d?zH dx¥ dz*
K =0. 2.2
o ey =0 (220

Let us first review the definitions of a Lie algebra and a Lie algebroid, before getting to
the definition of a Courant algebroid.
Definition.
A Lie algebra g is a vector space equipped with a bracket operation [-, ‘]ric : g X ¢ — g which

is a R-bilinear map and is anti-symmetric
[V, WlLie = =[W, VL - (2.21)
The Lie bracket satisfies the Jacobi identity
U, [V, Wlieluie + [V, [W, Ulie)uie + [W, [U, V]iielrie = 0 . (2.22)

When E is a collection of isomorphic vector spaces £, at each point p € M:

14



2 GENERALIZED GEOMETRY

Definition.

Let A M be a vector bundle.

Let [-,:]a: T'(A) x T'(A) — T'(A) be a R-bilinear map, for e, ¢’ € T'(A) smooth sections.
Map a : A — TM is an anchor.

(A, [, "]a,a) is a Lie algebroid [34], [35] when [, |4 is anti-symmetric (Lie bracket), satis-
fying Jacobi identity and Leibniz rule

le, fe'la = fle,e'la+ (ale) - f)e" . (2.23)

Generalized geometry can be viewed as an extension of Riemannian geometry, in the
sense of summing tangent and cotangent bundles of the manifold. On this generalized
bundle, generalized complex structures were introduced by Nigel Hitchin [36] which unify
symplectic and complex geometries. In this thesis, we will not focus on generalized com-
plex structures. Instead, Courant algebroids, being the central and fundamental objects in
generalized geometry are what we will be discussing. They also turn out to be relevant for

non-symmetric gravity.

Definition.

Let £ M be a vector bundle.

Ve, e’ € I'(E) smooth sections,

let [,]p: T(E) xT'(E) = I'(E),

let (-,)g : T'(E) x I'(F) — C*(M) be a symmetric C*°(M)-bilinear non-degenerate form.
Map a : E — T'M is an anchor. That is, anchor applied to e gives a vector field.
“(E,[,"]g, (-,")p,a) is a Courant algebroid [37], [38], satisfying certain properties, which

will become clear in the next section.

Let us tabulate the important differences in the geometries,

Conventional geometry Generalized geometry

Vel(TM) Vel(FE)

Lie derivative, LyY = [V, Y] Dorfman derivative

Lie bracket Dorfman bracket, Courant bracket
Riemannian metric, g Generalized metric, G

GL(d) symmetry O(d, d) symmetry

Diffeomorphism Diffeomorphism + Gauge transformation

Let us go through the objects in generalized geometry and give their formulae:

Generalized vector

15



2 GENERALIZED GEOMETRY

We are considering in our work the simplest example of a generalized tangent bundle,
E = TM@T*M, which is a direct sum of tangent and cotangent bundles. Hence the
generalized tangent vector, being the element of F/, V =V + A, is a formal sum of a vector

V and a 1-form A, respectively, from the 2d-dimensional fibers.

Inner product

As a fiber-wise metric on F, the inner product,

MY)=(V+NY +0) = iyvo+iyA (2.24)
= o(V)+A(Y) (2.25)

o)) e

is a bilinear pairing. It has an indefinite (d,d) signature, hence the inner product has an
O(d, d) symmetry. Examples of O(d, d) transformations are [39):

B-transform,

e? (‘Q = <_1B (1)) (Z) B:TM — T*M, B € Q*(M) (2.27)

Diffeomorphism,

14 N 0\ /(V
- : h 7T: —\T
ON(A) (0 N—T> </\> N:TM —TM,N € GL(d), where N™% = (N)

(2.28)

[-transform,

¢’ (‘;) = <(1) _15) (‘;) B:T*M —TM,j e X*(M) . (2.29)

The inner product is invariant under B-transform,

(€"(V).e(Y)) = (V=B(V.-),Y = B(Y,")) (2.30)
(V,Y) = B(V,Y) = B(Y, V) (2.31)
= (V\Y), (2.32)

as B is anti-symmetric, that is, B(V,Y) = —=B(Y, V).

Dorfman derivative and Dorfman bracket

It involves a combination of Lie derivative of vector and of form, and interior product of

form,

Lv(Y) = ,va + ;CVa' — Zyd)\ = [‘/, Y]Lie + ;Cv()' — Zyd)\ = [V, Y]D . (233)
The Dorfman bracket [V, Y]|p [40], [41] satisfies a Jacobi identity (2.48). It is related to a

Dirac structure. A Dirac structure on a manifold M [42] is a maximally isotropic subbundle

16



2 GENERALIZED GEOMETRY

of the generalized tangent bundle £ = T'M @ T*M under the symmetric pairing (2.24). If it
is an integrable Dirac structure, the space of sections of a Dirac bundle £ (Dirac structure),

['(£) is closed under the Dorfman bracket. The integrability condition is implied by
[[(£),T(€)]p € T(E) (2.34)

that is, £ is involutive with respect to [, |p, or equivalently
<[€17 eZ]D) 63) - 0 ) (235)

for ey, e9,e3 € I'(L).

Courant bracket

1
[V, Y]Cou = [V, Y]Lie + EvO' - £y/\ - §d(2\/0' - Zy)\) (236)

is the anti-symmetrization of Dorfman bracket. However, it does not obey a Jacobi identity.

The Courant bracket [43] is invariant under B-transform,
[eB(V)7 eB (Y)}Cou = eB ([V7 Y]Cou) + ZYZVdB ) (237)

iff B is closed, that is, dB = 0. The derivation of (2.37) is as follows [44], for V=V + X\ and

Y=Y +o,
[€B(V 4+ N), (Y + 0)]cou
[V + A + ivB, Y + o0+ iYB]Cou
V 4+ XY 4 0loou + [iv B, Y]cou + [V, iy Blcou
1 1
[V +AY +0lcou — Ly (ivB) + §diy(’i\/B) + Ly (iyB) — 5d(z'vz'yB)

1 1
= [V + )\, Y + U]Cou + ﬁvin — EyivB + §£yivB — §Zyd<lvB)

1 1
= [V4+NY +0]cou + LviyB — LyiyB

1 1 1
+~LyiyB — =iy Ly B + —iyiydB
2 2 2
1, . 1. I .
—E,CvlyB — §ZvﬁyB + §ZvlydB
= [V + )\, Y + U]Cou + i[vaY]LieB -+ iyivdB
= P([V+NY + 0loou) +ivivdB , (2.38)

where formulae
EViY - iYEV = i[V,Y]Lie ) (239>

iviy = —iyiv and Z'[ij]me = _i[Y7V]Lie (240)
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2 GENERALIZED GEOMETRY

have been used.

Generalized metric

_Bg'B Bg!
G = (9 *ng g ) (2.41)
—g g

_ (B ff) <g gol> (_13 2) _ (2.42)

It unifies Riemannian metric g and 2-form B, and is positive definite [44].

Given a bivector field $ on the manifold, investigated in [45], a new generalized metric

, (1 0\ (G—=bG'b bG7'\ (1 -8
H = (5 1) ( ~G71b G—1> (o 1) (243)

is obtained. Identifying it with a generalized metric with unique Riemannian metric g and

2-form B, one gets the closed-open string backgrounds relation,
(9+ B)™' =B+ (G +b)"" : Seiberg-Witten duality [46] (2.44)

for a Poisson 3, where metric g and 2-form B in the closed string picture are related to the

parameters G and b in the open string sector.

2.2 Courant Algebroid

Given a vector bundle, which we sometimes refer to as the generalized tangent bundle F,
endow on it a pairing, a Dorfman bracket and an anchor map, we define a Courant algebroid
(E,{, ),[, ]p,a), which is of our particular interest. A minimal set of Courant algebroid
axioms are:

(i) Compatibility with the pairing

a(er)(ez, e3) = ([e1, €2]p, e3) + (€2, [e1, €3]p) - (2.45)

This condition can be interpreted as a Killing equation.

(ii) Non-antisymmetry

a'd(er, es) = [e1, ea]p + [ea, e1lp - (2.46)
(iii)
(fer,e2) = fler, ea) . (2.47)
(iv) Jacobi identity
le1, [e2, es]p]p = [[e1, e2]p, es]p + [e2, [e1, es]p]p - (2.48)

The Dorfman bracket obeys the Leibniz rule with respect to the bracket itself. We remark
that the Dorfman bracket does not satisfy

le1, [e2, es|p]p + [e2, €3, €1]p]p + [€3, [e1, €2]p]p =0 . (2.49)
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2 GENERALIZED GEOMETRY

We note that the Leibniz rule,

le1, fea]p = (a(er) f)ea + fler, e2]p

follows from (2.45).
Proof:
In (2.45), let es — feq,
aler)(fez, e3) = ([e1, fea]p, e3) + (fea, [e1, es]p) -
On the other hand,
aer)(fez, e3) = aler)(f{e2 €3))

= (ale1)f)(e2, e3) + aler) f({e2, €3))
= (a(er)f)(e2,e3) + f(le1, e2]p, e3) + f(ea, [e1,e3]p) »

where (2.47) has been used.
From (2.51) and (2.54),

([e1, fea]p,es) = (aler)f){ez, es) + f(le1, e2]p, €3)
= ((ale1)f)ea + fler, e2]p, €3) ,

we conclude
le1, fealp = (aler) fea + fler, ealp

(2.50)

(2.51)

(2.52)
(2.53)
(2.54)

Thus the Dorfman bracket obeys the Leibniz rule with respect to the multiplication of the

generalized tangent vector ey by a function f, fes.

While the homomorphism
a([e1, e2]p) = [a(er), ale2)]Lie
follows from the Jacobi identity (2.48).

Proof:
In (2.48), let e3 — fes,

le1, [e2, fes]plp = [[e1, e2]p, fes]p + ez, [e1, feslpp -

Using Leibniz rule (2.50), on the LHS of (2.59),

le1, [e2, feslplp = [en, flez, es]p + (alez) fleslp
= e, flea, eslplp + [e1, (a(e2) f)es]
= fle1, ez, es]plp + (aler) f)ez, €3]
+(a(ez) f)le1, eslp + (a(er)alez) f)es

D

D
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2 GENERALIZED GEOMETRY

while on the RHS of (2.59),

[le1, e2]p, fes]p + [e2, [e1, fes]plp = fl[e1, e2]p, esp + (al[e1, ea]p) f)es
+flea, [e1, eslplp + (alez2) f)ler, eslp
+(a(e1) f)lea, es]p + (alez)a(er) f)es -

Equate (2.62) and (2.63),
fle, [e2, eslplp + (a(er)alez) fles = fller, eap, es]p + (a(ler, e2]p) f)es
+flez2, [e1, eslp]p + (alez)aler) f)es
(a(er)alez)fles = (a([er, e2]p)f)es + (alex)aler)f)es
([ae1), alea)]rief)es = (a(le1,e2lp)f)es
hence,

a(le1, e2]p) = [a(er), alez)]Lic -

Most of the above proofs can be found in [47].

Another viewpoint on axioms (2.45) and (2.46) is the following,

ale)(é,€) = 2([e,€lp,€)

where (2.68) corresponds to (2.45) and (2.69) corresponds to (2.46), for € = e; + es.

Proof:

By polarization technique, € = e; + e,

a(e)(e; + e, e1 + e2) = a(e) ({e1,e1) + (ea, e9) + {e1,e2) + (e2,€1)) ,

while RHS of (2.68),

2<[6,61+€2]D,61+€2> =2 (([6, 61]D,€1> -+ <[€,61]D,€2> -+ <[€,62]D,€1> + <[€,€2]D,62>) .

After identifying

a(e)(er, e1) = 2([e, e1]p, 1)
and

a(e)(ez, e2) = 2([e, ea]p, €2)
we are left with

a(e)(er, es) + ale)(ez, e1) = 2{[e, e1]p, e2) + 2([e, €a]p, €1) -
Due to the symmetric pairing ( , ), we arrive at
a(e)(er, e2) = ([e, e1]p, e2) + ([e, e2]p, 1) ,

which is (2.45).
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2 GENERALIZED GEOMETRY

In the non-anti-symmetry nature of the Dorfman bracket (2.46), the conjugate transpose
map a' : T*M — E* ~ E is defined by identifying £* and E. The RHS of (2.46) (that
is, a'd(e1, e9)) is an element of E*, while LHS of (2.46) (that is, [e1, ea]p + [e2, e1]p) is an
element of E. The identification is done by using the symmetric, non-degenerate pairing

(, ), as outlined in the following,

[en,ealp + [ea,e1lp = K taTd{ey, es) (2.76)

K ([e1, e2]p + [ea, e1]p) = aldles,es) (2.77)
where we have used k 'a” = af,

([e1, e2]p + [e2, e1]p, €) = a’d{ey, ex) (€) = d(e1, e2) (ae) = (ae){er, ea) . (2.78)

2.3 Deformations of a Courant Algebroid

In this work we are interested in using one example of a Courant algebroid and perform
deformations and twists on the objects that characterize this algebroid. To be specific, it is
the Courant algebroid (F,a,[, |p,(, )), with generalized tangent bundle £ = TM @ T*M
(hence the generalized vector V.= V + \), an anchor map a : E — T'M, Dorfman bracket
and the natural pairing. We will keep the 5 properties (axioms) of the algebroid in check,
namely homomorphism (2.58), Leibniz rule (2.50), Jacobi identity (2.48), Dorfman bracket’s
non-anti-symmetry (2.46) and pairing compatibility condition (2.45).

We propose deformations only of the pairing and Dorfman bracket in the Courant alge-
broid. The deformed structures are denoted with a prime.
(a) Deformed pairing

/

(e1,e9) = (e9(e1), €% (e2)) (2.79)

and
(b) deformed Dorfman bracket

le1, 62];:) = e 9[e9(e1), e (e2)]p (2.80)

where G = g+ B, G : TM — T*M maps vectors to 1-forms, where ¢ is non-degenerate.
We will name G a non-symmetric metric, as it is a sum of a symmetric metric g and anti-
symmetric 2-form B. G was determined from examination on the 5 properties of the Courant
algebroid. The exact expressions for the deformations are
(a)

(e1,e5) = (e, e5) +2g (aley), aley)) (2.81)
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2 GENERALIZED GEOMETRY

and

(b)

[61,62]13 = [e1, ea]p + 29(Va(er),ales)) (2.82)

with a torsionful connection.

Let us work out the explicit deformed expressions, for elements e; =V + A\, es =Y + 0.

From the deformed inner product (2.79),

OV +N, (Y +0)) = (VHG(V,)+AY +G(Y,-) +0) (2.83)
= iyo+iyA+G(V,Y)+G(Y,V) (2.84)
= ivo+iyA+(g+B)(V,Y)+ (g+ B)(Y,V)  (2.85)
= (V+ANY+o0)+29(V)Y), (2.86)

as in (2.81). We are using the convention iyG := G(V, ), where the second slot is open for
contraction. For short-hand notation, G(V, ) can be written as G(V').
From the deformed Dorfman bracket (2.80),

e eIV 4N, Y +o)p = e)V+GV,)+\NY +G(Y,-) +0lp (2.87)
= e 9([V+ANY +olp+[G(V,).Y]p (2.88)
+[V.G(Y,")Ip)
= e 9(V+NY +olp —iydG(V, ) (2.89)
+LvG(Y, )
= V+ANY +0lp—G([V,Y]Le, -) — iydG(V,-) (2.90)
+LyvG(Y, )

= [V+ANY +o0olp = g([V, Y], -) —ivdg(V,-) (2.91)
+Lyg(Y, ) — B([V,Yie, ") — iydB(V, ")
+LyB(Y, ")

— VMY o]+ A(VY) (2.92)

where we have defined the 1-form A(V,Y). We can check what structure the 1-form can be.

For the g part in A, when it is contracted with a vector Z°, it becomes
—9(V.Yie, Z) — (Z,ivdg(V,")) +(Z, Lvg(Y,")) . (2.93)

Using a Lie derivative formula
Ly =iyd+diy , (2.94)

5Keep in mind that contraction is to be done with respect to the deformed inner product from here

onwards.
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the second term in (2.93) is

(Z,ivdg(V,-)) = (Z,Lyg(V,)) = (Z,divg(V,"))
= (Z,(Lyg)(V.-)) +(Z,9(LyV,")) = (Z,diyg(V,-))
= (Lyg)(V.2) +9(LyV, Z2) = Z - g(V}Y)
= Ly gV, 2) = g(V.LyZ) = Z-g(V}Y)
= Y-g(V.2) =gV, [Y, Z]uie) = Z - 9(V.Y) .
The second slot in the last term in (2.96), iyg(V, ) = g(V,Y) is a function.
For the third term in (2.93),

(Z,Lvg(Y.")) = (Z,(Lvg)(Y.")) +{Z,g(LvY,"))
= (Lvg)(Y,Z2)+g9(LvY, Z)
= Lv-g(Y,Z) —g(Y,LvZ)
= V-g(Y.2) = g(Y, [V, Z]vse) -

Hence the total result from (2.93) is

—9([V, Yiie, Z) — (Z,iydg(V,-)) +(Z, Lvg(Y,))

= —9([V.Y]ue, Z2) =Y - g(V, Z) + g(V, Y, Z]ie) + Z - g(V,Y)
+V - g(Y, Z) — g(Y, [V, Z]vie)

= 29(VZVY),

which is the formula for Levi-Civita connection V€.

Similarly as worked out for g above, for B part in the 1-form A(V,Y) in (2.92) contracted

with vector Z,
—B([V,Y e, Z) — (Z,iydB(V,-)) + (Z, Ly B(Y, "))
= —B([V,Yue, Z) =Y - B(V,Z) + B(V,[Y, Z]uie) + Z - B(V,Y)
+V - B(Y,Z) — B(Y, |V, Z]Li)
— H(,Y.Z)
is a totally anti-symmetric 3-form. We can work out backwards to prove this, as
H(\V)Y,Z) =igiyiydB .
Firstly®,
iyivdB = iyﬁvB — ZydlvB
= Evin — ’i[vpy]B — ZydlvB
= LyB(Y)-B([V,Y]) —iydB(V) ,

6Brackets without any subscript label will now indicate it is a Lie bracket.
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where the formula

Lyiy —iyLy =iy (2.114)
was used. As a whole,
HWV,)Y,Z) =igiyiydB = izLyB(Y)—izB([V.Y]) —iziydB(V) (2.115)
= LyvizBY) =iy yBY)—-B([V,Y], Z) (2.116)
—iz(LyB(V) —diy B(V))
— LyB(Y,Z)- B(Y,[V.Z)) - B(V.Y].Z)  (2117)

—izLyB(V) +izdB(V,Y)

_ V.B(Y,Z)=B(Y,[V.Z]) = B(V,Y],Z) (2118
—LyizB(V) +iy,2B(V) + LzB(V,Y)
—dizB(V,Y)

— V.B(Y,Z)-Y-B(V,Z)+ Z-B(V,Y) (2.119)
BY,IV.2) ~ BV,Y). 2) + BV,|Y. Z))

where formula
Lyf=V-f (2.120)
for a function f and izB(V,Y) = 0 was used’.
Hence, the 1-form defined in (2.92) can be written as (see also [48])
AV, Y) =29(V*V,Y) + H(V,Y,-) . (2.121)

It becomes a sum of the Levi-Civita connection and a 3-form after contracting with a vector.

The open slots were taken by vector Z in the preceding discussion. One can then relate the
result of A(V,Y") to the second term (that is, 2¢(VV,Y')) in (2.82).

There is a more compact way to approach (2.87),

e IV +N),e(Y +0)lp (2.122)
= [V+ANY 4op+V-GY,) =Y -G(V,-)+dG(V,Y) (2.123)
—Q(Y, [V> D - g([Va Y]> ) + Q(V, [Y7 ]
= [V+NY +0]p+29(VV,Y), (2.124)

where G = g+ B. This is achieved simply by careful assignment of the vectors. We thus have
generalized the Koszul formula for connection of Levi-Civita to include an anti-symmetric
part which is a 2-form B [49]. To summarize,

AV,Y) =29(VV,Y) = 29(V*V,Y) + H(V,Y,") . (2.125)

7 Recall that the interior product iz : QP(M) — QP~1(M) for forms Q. Thus the interior product of a

function (0-form) is zero.
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2.4 On Deformed Axioms

The deformations are realized under the condition that all properties of the Courant alge-
broid are mnot violated. Simply put, when the deformed structures, which we have chosen to
only be the pairing and bracket, are inserted in the Courant algebroid axioms, the additional
terms produced by deformations are examined. Furthermore, we have also chosen that the
deforming map G be a mapping from tangent to cotangent bundle. This is how the solution

of G was being found as g + B consequently.

Leibniz rule can be regarded as the initial guide to the general form of the 1-form A(V,Y)
(2.121). After plugging in the axiom (2.50) the deformed Dorfman bracket, we get the
additional part

FA(V,Y) = AV, fY) . (2.126)

This condition says that the function f is linear in the second slot of A(V,Y"). Besides tensor,
one guess is that A(V,Y’) can be a connection, provided with a careful allocation of vectors

into the slots, as we know of the connection properties (2.6) and (2.7).

From (2.45) which is a reminiscent of a Killing equation, we have the condition
AVY)Z) + AV, Z)(Y) =2(V - g, 2) - g(V.Y), Z) — g(V, [V, Z])) . (2.127)

In order to fulfill this condition, the torsion 7' of the torsionful connection in (2.82) is

determined to be an anti-symmetric 3-form H. Since contortion
1
K(V.Y,2) = S(o(T(V,Y), 2) + g(T(Z,V),Y) + g(T(Z,Y),V)) (2.128)

given (T (V,Y),Z) = H(V,Y, Z), contortion is equal to %H(V, Y, 7).

From the Jacobi identity of the Dorfman bracket, we have
V,A(Y, Z)lp + AV, [Y, Z]) (2.129)
— [AV,Y), Zlo + A(IV, Y], 2) + [Y, AV, D)o + AV, [V, Z]) . (2.130)

Note that A(V,Y') only takes in vectors to be non-vanishing and [V,Y]p = [V, Y]Le. After
computing with the formula of Dorfman bracket (2.33), we get

Ly A(Y, Z) + AV, [Y, Z)) (2.131)
= idAV,Y) AV, Y]LZ) 4 Ly AV, Z) + AV Z) . (2132)

Since this is made up of 1-form’s, we can contract it with a vector X to see what the condition

becomes. It gives
(L A(Y, 2), X) + (A(V,[Y, Z)), X) (2.133)
= —(LZAV)Y), X)+ X - (AV,Y), Z) (2.134)
+HA(V, Y], 2), X) + (Ly A(V, Z), X) + (A(Y, [V, Z]), X)) .
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When the solution of A(V,Y") (2.125) is plugged in, and a formula such as
VY - V¥V - [V,Y] =0, (2.135)
which is a torsionless condition, is used, we arrive at

dK(Y, X,V,2) (2.136)
= 29(R(V,X)Y,Z) 4+ 29(R(X,Y)V, Z) + 29(R(Y, V)X, Z) =0 .  (2.137)

The last equality to zero is by the fact that it is the First Bianchi identity [48]. Note that
the Riemann curvature here is torsionless. We remark that there is a useful formula for the

exterior derivative acting on forms. As an example, for a 3-form K,

AK(X,Y,Z,W) = X -K(Y,Z,W) - K(X,Y],Z,W) (2.138)
~Y - K(X,Z,W)+ K([X, Z],Y,W)
+Z - K(X,Y,W) - K([X,W]Y, Z)
-W-K(X,Y, Z) - K(IY, Z], X, W)
+K([Y, W], X, Z) - K([Z, ] X.Y).

Therefore, from the Jacobi identity axiom of the deformed Courant algebroid, not only the

Bianchi identity is encoded, but contortion is found to be closed as well.

From the non-anti-symmetry property of the Dorfman bracket, after contracting with

vector Z, we have

AV, Y)(Z)+ A, V)(Z) =2Z - g(V,Y) . (2.139)

From this, after using (2.125), we get metricity of the connection, easily as the anti-symmetric

contortion cancels out.

The homomorphism property simply implies that the anchor map of a 1-form is zero,
a(A(V,Y)) =0, (2.140)

which we have used throughout the computations.

We like to remark that, from (2.127), when the solution (2.125) is substituted,
29(VEV,Y) +29(VYV, Z) = 2(V - g(Y, Z) — g([V, Z2),Y) — g([V, Y], 2)) ,  (2.141)
we can rewrite the LHS,

gV Z,Y) + g([Z.V].Y) + g(ViFY, Z) + 9([Y. V], Z) (2.142)
= VgV, Z2) —g([V. 2].Y) —g([V, Y], Z) (2.143)
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and get the metricity condition

g(VVCZ,Y) + gV, Z2) =V - g(Y, Z) . (2.144)

We note that the metricity condition is useful in the sense that connection properties can

be derived from it. For metricity
X(9(Y,2)) =g(VxY,Z) + g(Y,VxZ) , (2.145)

(1) let Y — fY,

X(g(fY,2)) = g(Vx([Y), Z) + g(Y,VxZ) (2.146)
X(f9(Y.2)) = g(Vx(fY),Z) + g(fY,VxZ) (2.147)
XN, 2))+ [X(g(Y,2)) = 9(Vx(fY), Z) + fg(Y,VxZ) (2.148)
g(X(NY. Z) + [(9(VxY,Z2) + g(Y,VxZ)) = g(Vx([Y), Z) (2.149)
+fg(Y7 VXZ) )
therefore,
Vx(fY)=X(f)Y + fVxY, (2.150)
similarly for Z, as Y and Z are symmetric,
(2) let X — fX,
XY, 2)) = g(VyxY, Z) + g(Y,Vyx Z) (2.151)

LHS is
XY, 2)=fo(VxY,Z)+ fg(Y,VxZ) = g(fVxY,Z)+g(Y, fVxZ) (2.152)

and LHS = RHS gives
Vix=fVx. (2.153)

The metricity condition has been used repeatedly.

2.5 Gravity with Kalb-Ramond Field Strength

Contrary to Courant braket invariance with respect to a closed B-form, the Dorfman bracket
in our work is deformed additionally with a non-tensorial object, namely connection, and yet
remains consistent with all the axioms in the algebroid. Complete contraction of the struc-
tures (with a vector) helps us to realize a more physical meaning of the deformed axioms,
for instance the metricity, which means that the metric g is covariantly constant which says
that the inner product of two vectors being parallel transported along any curves remains
constant [33].
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The main result realized from the set of axioms is
1
9(VxY,2) = g(VXY, Z) + SH(X,Y, Z) . (2.154)

It is nice to know that behind such a connection lies a mathematical structure. In [50],

Riemannian geometry with a skew torsion has been studied extensively.

In physics, we are interested in actions. Given a connection, we can go on computing
Riemann curvature, Ricci tensor and then the Ricci scalar. In this work, the symmetric

metric g is used to raise and lower the indices. In coordinates, the connection coefficient is

1

P P " (2.155)
Subsequently, the non-symmetric Ricci tensor is
1 | 4
Ry = Ry = Ry = SViOHy,' = S Hy, H™ (2.156)
where
ViCH,' = 0Hy' — (0" CH,," = (0™ CH,, ' + (U, CH,;™ (2.157)
Considering now the Ricci tensor as vacuum field equation, that is, set Rj; = 0. These

equations can be realized from the action

1 3
Sg=g+5(9, B) /ddxv -9 (RLC 13 iijij) , (2.158)

T 167Gy

where Gy is Newton’s gravitational constant in d dimensions and R'C denotes the Ricci
scalar for a Levi-Civita connection. To check its field equation, the explicit variation of the

action terms are, with respect to g [33],

SRYC = 6(g”(Ry)"°) = 0(gi;(R7)X) (2.159)
= (RY)*0g;; , (2.160)

where 6(R;;)*¢ = 0 for Levi-Civita Ricci tensor,

Sg(Hiju H*) = 8,(H*H' ™" g1 gjir gras) (2.161)
= 3H*H", 5,gi (2.162)

and with respect to B,

Sp(Hiyp H9*) = 6(H"%(0;Bj), + 0; Bri + 01 Byj)) (2.163)
= 6H""§(0;Bjx) (2.164)
= 6H"5(VI°By, + (T;,)““By + (Ty))““By) (2.165)
= 6HYM(VI°6B;) (2.166)
= —6(VECHY™§B), (2.167)
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as H ijk(FijZ)LC = 0 and a boundary term is ignored in the last equality.

Therefore, from

35 35S
=0 and ¢-0, (2.168)
591’;’ (SBU
we have
dS 45
g? + _53'9' =0, (2.169)
] ij
which contains the non-symmetric Ricci tensor (2.156),
(R = JHMH = SVECHY = 0. (2.170)

The Ricci tensor of the Levi-Civita connection is symmetric. However, we also note that

1 g1 y
5V=9 = 5\ =989 = 53/=09"50, (2171)
which in principle contributes two additional terms,

1 .. 1 VAN
—g7 (| R — —Hyj H7'M ) 6955 2.172
29 ( 12 i3’k gzy ; ( )
which are part of the field equation of the action Sg. Before we comment about these addi-
tional terms, which are to be related to the dilaton field that we have not considered in the

work here, let us remark that (2.156) is equal to the beta functions of g and B.

The non-linear sigma model describing string propagation on a 2-dimensional worldsheet
Y. with background fields g, Kalb-Ramond B and dilaton ¢ is given by [51]

1
St = / oy (V" Gn(X) 0, X0, X" + i€" By (X) 0, X0, X"
o [y
+do(X)R) , (2.173)
where m,n = 0,1,--- 25, in 26-dimensional spacetime (target space), ¢ is coupling constant

(inverse string tension), g, is curved spacetime metric, v is worldsheet metric (i, v = 0, 1).

The non-trivial beta functions for the background fields derived from the model,

Bulg) = &Ry = THouH, ™ +20/V,V,0 (2.174)

BMV(B) = _%VAHAMV + a/vACbH)\uy 5 (2175)
o , o .

B(QS) = _EV2¢ +a VM¢VM¢ - ﬂHuV/\HM A , (2176)

are required to vanish, in order to preserve Weyl invariance of string theory as a quantum
theory. The vanishing beta functions from the non-linear sigma model, when derivable from

an action as the action’s field equations, gives the spacetime action,

1

1
Seﬂr = 2_1%2 /dQGX\/ _g€_2¢ (R - EHabcHabc + 4gabaa¢ abgb) ’ (2177)
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2 GENERALIZED GEOMETRY

which is the low-energy effective action of the bosonic string [52], [53]. The overall constant
K scales as k? ~ (a/)'? [54]. Varying the effective action with respect to the spacetime fields
gives [54]

1
2k2a/

5Sut / X /=g (89,0, (9) — 0B, 8" (B) (2.178)

~(200+ 30"30u) (BN (0) —46(6)) - (2179)

When dilaton field is turned off, the non-symmetric Ricci tensor (2.156) is indeed equal to the
beta functions (2.174) plus (2.175), that is, it corresponds to line (2.178) in the parentheses.
Be cautious that the last term in 5(¢) (2.176) is without ¢, thus from line (2.179), the term

1 1
- §O/QW59W (R T MMHW\R — 4(

1

~5 WHW)) (2.180)

survives, which we have in (2.172). Note here that the connection (hence Riemann curva-
ture and so forth) is of Levi-Civita type. Without couplings of B and ¢, vanishing of the
beta function S(g) (2.174) implies that the background spacetime must be Ricci flat, that is,
R,, = 0. The three massless spacetime fields g, B and ¢ are the basic contents in bosonic
string theory. We have so far incorporated only g and B in the Courant algebroid, with
deformations involving only the tangent bundle. An alternative formulation to get to the

similar action containing g and B can be found in [55].

Finally, we present another formulation in which we can contract at the level of the non-
symmetric Ricci tensor (2.156) with the non-symmetric metric G, which is g + B, to obtain

the curvature scalar

Rg:=G"Ry = (¢"+ ¢ Byuwg" )R, (2.181)
= (¢'+ BYR;, (2.182)
= ¢'(B)"C - 59" VIOH, - 19" H,,'H, (2.183)

‘ 1 S P
+B7(Ry)" = 5BV OH' — S B H,, H,"
= R'C_ Zlg]lHlm H,™ — §BJZVZ-LCHJ.Z , (2.184)

where R"® = ¢7'(R;;)"C. Note that G/ # (G;)~'. The term ;B/'H, "H;™ is zero, as

)

BﬂHlmiH'jm _ leHiijlmi — _BﬂHjimHlmi (2.185)

1,

and on the other hand

B'H, 'H;" =BYH, 'H, = BYH,"H,,'= -BYH,"H,, "= B'"H,"H, ' . (2.186)
Therefore, an Einstein-Hilbert-like action is

1
S, =
97 167Gy

/ d*z/—g Rg . (2.187)
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Let us analyze the last term in (2.184), in the action,
1 A ; 1 j i j i
-3 / d'a\/—g BV °H,' = -5 / d?z\/—g <V,L-LC(B”H].Z ) — (VZ-LCB”)H].Z> . (2.188)
The first term

VIOBI'H,) = VI(Bug g Hy') (2.189)
— (VYByu)g” ¢ H,' + Byug” ¢" (V¥R (2.190)
= (ViByy)H""" + BN (VICH,)") (2.191)

as VCg77" = 0, while the second term

(v%Cle)Hjli _ %((V%CB ) jl’l (vLCBh)HlZJ + (vLCBw)Hul) (2192)

1

= (@B H" + (0;Ba) HY + (9,Byj) H') (2.193)
1 g

== g(@iBﬂ—F@jBlﬂ—alBij)H“l (2194)
1 g

= HyuHY (2.195)

as all the Christoffel parts such as (T';;"")*° B, H" = 0 drop out. Therefore, for (2.188),

- % / d'zy/—g B'VI°H ' = é / d®r\/—g Hiyy H' | (2.196)
where the boundary term
—%/ Ao/ =g VIO (B H,,) (2197)
- / dlz/—g ( (BUH ) + F(w)iBﬂHﬂ“> (2.198)
- /dda‘:\/—( (B H ) + (0uy/—g) B H,, ) (2.199)
= ; /dd:ca (v—gB"H,") (2.200)
is just a total derivative. We have used the fact that since
(M) =T, = %g”” o Gim (2.201)
and we know
OV=G = 53/ =090 (2202)
thus,
i) = \/L__gaa\/—_g . (2.203)
It is a well known formula for a vector V' that
/\/—_gv%cvi = /ai(\/—_gvi) (2.204)
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is a total derivative. Note that this also holds for our connection g o V*¢ 4+ H/2. From
(2.187), the Einstein-Hilbert-like action is hence

1 1 1
= d%zy/—q (R*© — —H? + ~H? 2.205
5 167TGN/ =g 7t (2.205)
1 1
= d*z\/—q (R*™° — —H? 2.2
— / /TG (R — 7). (2.206)

where H? = H,;, H7*. H(= dB) is also known as a Kalb-Ramond field strength. This action
is precisely (2.158). Again, here, only the symmetric metric g was used to raise and lower
the indices, until before the contraction of Ricci tensor to get Ricci scalar for the standard
form of gravity action, which is of the Einstein-Hilbert form. It is an exception to contract
the Ricci tensor with the entire non-symmetric metric g+ B, that the effective bosonic string
action without dilaton can be successfully reproduced. Note that the action is for arbitrary
spacetime dimensions, constructed without reference to a non-linear sigma model. Never-

theless, in string theory, the critical dimension of 26 was determined by the role of the dilaton.

The Kalb-Ramond field strength, coupled conformally to a real scalar field in a four-
dimensional model is investigated in [56]. The main interest in this work is in the contribution
of the Kalb-Ramond action to inflation. Some cosmological driven interests are also seen in
[57] and [58], where the Einstein-Kalb-Ramond cosmology is discussed in [57]. While in [58],
a d-dimensional gravity coupled to a 3-form anti-symmetric field, which is not identified as
the Kalb-Ramond field strength, but instead as the Maxwell field strength is investigated.

2.6 Discussion

As mentioned just previously, we remark again that, while the symmetric metric g is used to
raise and lower the indices, the “non-symmetric” Ricci scalar in our case, which we mean by
Rg = G/'Rj; (2.181), was obtained using the non-symmetric metric G. Moreover, G#' is not
the inverse of G;;. This is a crucial difference with the previous NGT proposals discussed in

the beginning, recall for instance (1.11) and (1.30).

In this work, a non-symmetric metric gravity theory is realized from a deformation of
a Courant algebroid. Presumably, other models of gravity can be as well investigated and
described in terms of generalized geometry. Deeper implications of such particular systematic
approach are foreseeable. From these intricate connections between gravitational physics and
mathematical objects, we are led to possible ideas in approaching the long-standing problem
of computing higher order corrections in gravity /string theories. As an outlook, (2.172) could
serve as a starting point to backward engineer for dilaton field inclusion in the deformation
of the algebroid. Similar work has appeared in [59]. There is also a proposal to extend the
generalized bundle to discuss the dilaton [60]. Alternatively and naively, one can as well

try replacing g;; with e 2?g;; and similarly for B;;, and check if beta functions can be fully
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worked out. There is a construction which combines metric, dilaton and a (quasi-)symplectic
structure, instead of a 2-form, in an action of Einstein-Hilbert type, using algebroid approach
[61]. Supergravity actions formulated in the context of generalized geometry can also be
found in [62]. There have also been attempts to understand the o/-corrections to supergravity.
For instance, an o/-deformed generalized geometry was proposed in [63] where the Courant

bracket is o/-deformed.
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3 Graded Geometry

3.1 Introduction

Before getting to graded geometry, we should mention supergeometry. Supergeometry ex-
tends the classical geometry where usual coordinates commute, allowing anti-commuting odd
coordinates. Supermanifolds are global objects obtained by gluing the extended coordinate

systems [64].

A super vector space is a Zy-graded vector space [65] over R or C,

V=" Pw. (3.1)

with even and odd components, hence even and odd parity for the homogeneous elements
in Vy and Vj respectively. Zs-graded vector space is the same as superspace by standard
terminology [64]. Using a parity reversion functor II, the parity of a component is changed,
(ITV)g = V4 and (ITIV); = V4. When multiplication of the homogeneous elements v,v" in V
respects the grading,

|ov'| = |v| + [v'| mod 2 (3.2)

and if V' is associative algebra, this is referred to as a superalgebra. |v| denotes the parity
of the homogenous element. When V' is equipped with a Lie bracket [-, -] of parity (degree)

¢ and satisfies

0,6 = ~(~1)FHO 0] 33)
and
[v, [V, 0"]] = [[v, '), v"] + (=) OO o, "] (3.4)
which obeys the grading |[v, V]| = |v| + |[v'| 4+ ¢, we have a Lie superalgebra.

Let us illustrate the discussion in local coordinates for a better understanding. Let

E — M be a vector bundle with local coordinate ' on manifold M, where
rir! =izt (3.5)

A supermanifold I1F is obtained by making the fiber coordinates 6* odd, thus anti-commuting.

Local coordinates on IIE are hence (z*,6"), where
610" = —0"0" . (3.6)
Smooth function on IIE takes the form

f(x,0) = fo(z) + fu(x)0" + fu(x)0"0" +--- | (3.7)
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where the maximal number of 6 is the dimension of the fiber [66]. A smooth function on the

supermanifold is equivalent to a section of the ungraded (or graded [67]) cotangent bundle
C®(IIE) = D(A*E") £ (3.8)

This is a general fact. As an example, we can associate to a smooth manifold M an odd

tangent bundle, thus having a supermanifold IIT'M, defined by gluing rule

~ ot
tH =1 " = 0" 3.9
= (1) e (39
where s are glued as da* [64]. A function on this supermanifold is expanded as
dimM
fla,0)= > ;. Fourpipoyey (1) 072072 - g2 (3.10)
p=0
thus the identification of the function with the differential form,
C*(IITM) =Q*(M) . (3.11)
For the supermanifold II7* M, the gluing is done through
~ ox”
ot =gt 0,=—=~0,, 3.12
=" (z) , v = pmu (3.12)
where 0, transforms as d,,. The function on IIT*M is
dimM 1
fla,0)="Y" — fEHEE () 0,0, - O, (3.13)
p=0 P
thus the identification of this function with the multivector field,
C*(IT*M) =T(A*TM) . (3.14)

If E is a vector bundle, a derivation (sometimes called differential) of I'(A® E*) is identified
with a vector field on the supermanifold IIE. When it is a Lie algebroid, that is, £ = A, its

derivation d 4 is identified with a vector field Q4 on IIA, satisfying the graded commutator

[Qa,Q4] =0, (3.15)

which is then called the homological vector field [69]. In addition to the previous Lie algebroid
definition in Sec. (2.1), a derivation of exterior algebra of degree +1 can be defined, due to
the skew-symmetry of Lie bracket [48], that is, an R-linear map da : Q*(A) — Q°*T1(A),

dA<0' A OJ) = dAO' /\0'/ + (—1>|U|O'/\ dAO'/ s (316)

8 T(A®*E*) denotes the same as °*(E), used previously to refer to forms. Note that set of sections on
M, for instance, T'(M,T*M) = QY(M), and I'(M,TM) is identified with set of vector fields X(M) [33]. In
general, smooth differential forms QP (M) := I'(AP T* M) [68].
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for 0,0’ € Q*(A), for degree |o|. The derivations square to zero, d4 = 0. This is equivalent

to the Jacobi and Leibniz identities for [-,-]4 in a Lie algebroid.

A supermanifold ITE becomes a graded manifold, denoted by F[1], when the coordinates
on the base are assigned with degree 0 and the coordinates on the fiber are assigned with
degree 1.7 In general, fiber coordinates can have any degree N, where N is a positive inte-
ger, hence a graded manifold of E[N]. For the above Lie algebroid example with a 1-degree
homological vector field @ 4, it becomes a 1-degree graded manifold A[1], and is noted as
a (Q-manifold. Another example is the P-manifold. It is a graded manifold of degree 1,
T*[1]M, with a canonical symplectic structure of degree 1, w. This symplectic structure w
defines a Poisson bracket of degree —1 on C*°(T*[1]M) = I'(A* T M), that is, it corresponds
to the Schouten-Nijenhuis bracket of multivector fields [66]. In fact, manifolds M are in

one-to-one correspondence with P-manifolds.

The Schouten-Nijenhuis bracket [-,-]4 induced from a Lie algebroid (another induced struc-
ture was the derivation da), provides a multivector field algebra X*(A). It defines a Ger-
stenhaber algebra (X*(A), [, -]4), in which

(i) [-,]a is a degree —1 map,
[P, Qlal = |P[+1Q| -1, (3.17)

that is, [P, Q] € XIPHIQI=L(Ar) |
(ii) [P, -]a is a derivation of degree (|P| — 1) of the exterior algebra X*(A),

[P,QAR|A=[P,Qa AR+ (—1)IPI=VIRIQ A [P, R]4 , (3.18)
(iii) the bracket is graded skew-symmetric
[P, Qla = —(=1)IFeEVQ, Ply (3.19)

and

(iv) satisfies graded Jacobi identity

[P.[Q. Rlala = [[P,Qa, Rl + (=1)7=Y1D[Q, [P, R]4]a . (3.20)
for P,Q, R € X*(A) [48].
When a P-manifold has in addition a degree 1 homological vector field @), and the sym-

plectic structure in P-manifold is invariant with respect to ()., it is noted as a () P-manifold.
The one-to-one correspondence is (T*[1|M, Q. ,w) <> (M, ), where (M, ) is a Poisson

9Graded geometry is Z-refinement of supergeometry. Generalization of most definitions is straightforward
[64]. Basically, the Z-graded vector space is V = @
for the respective homogenous element .

ez Vi, for integer ¢ which is the corresponding degree

36



3 GRADED GEOMETRY

manifold. @), on T*[1]M is the Lichnerowicz-Poisson differential acting on I'(A®* 7'M), which

is d; = [m, ], where the bracket is the Schouten-Nijenhuis bracket of multivector fields on M.

The Lichnerowicz-Poisson differential (denoted as d below) is associated to the Lie alge-
broid (A = T*M, [, ], 7*) [70], where anchor 7% : T*M — TM and the Lie algebroid
structure [-, -], are defined by

ldf, dglx = d{f, 9} , (3.21)
for f,g € C>*(M).
Generally, given local coordinates z° on M and a local basis e, for sections, the Lie algebroid

anchor map is

a(eq) = a 0

— 22
A (322)

and the anti-symmetric bracket is

leases]la = C, e, . (3.23)

«,

When @, = ¢}, and C,;" = 0, the Poisson structure on T*M is the canonical symplectic
structure.

A Poisson manifold (M, ) contains a bivector field 7 € X?(M) which is a Poisson structure
on M, and satisfies [7,m] = 0, which is equivalent to the Jacobi identity for the Poisson

bracket {-,-}, as can be seen from

%[77 T(dfy, dfa, dfs) = {{f1, fo}, fa} + {H{fo, s}, fi} + { s, fu}, fo) (3.24)

for {f, g} = =(df, dg) [68].
A symplectic manifold (M,w) contains a non-degenerate, closed 2-form w € Q*(M) which is
called the symplectic structure on M. For a 2-form w € Q?(M), there is a map «’ : TM —
T*M.

There is a one-to-one correspondence between a non-degenerate symplectic structure and
1 1

a non-degenerate Poisson structure, thus'® w = 77! or # = w™!. In local coordinates, a
Poisson structure 5 9

™= 7 (x - N\ — 3.25

> w(x) 5 " B (3.25)

i<j
is non-degenerate if the matrix 7 (z)(= {z’, 27 }(z)) is invertible; correspondingly the sym-
plectic structure is
w= Zwij (z)da’ A da? (3.26)
i<j
where w;;(z) = (7 (x)) ! [68]. Canonically on R** (even dimensional M), the non-degenerate

Poisson structure is

b

19For the correspondence between a non-degenerate 2-form and a non-degenerate bivector: w” = (7%)~1

7t = (W)L
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One of the reasons to be interested in the graded geometry formalism is in the interpre-
tation of structures in generalized geometry, such as the Dorfman bracket, which finds its
place in the graded picture. Defined in [71], the derived bracket (denoted by [-,-]4) is

le1, ea]a = [[e1,d], ea] . (3.28)

[-,-] is a graded commutator, which we have encountered for instance with the Schouten-
Nijenhuis bracket with properties such as (3.19) and (3.20). An element d € D of odd degree
satisfies [d, d] = 0, where D is a space generated by several commuting elements that square
to zero, which is a generalization of the 1-dimensional vector space generated by the de Rahm
differential. Let eq, eo € 2, where 2 is an abelian Lie algebra which is a generalization of the
space of interior product by X, ix’s where X is a vector field on the manifold. The derived
bracket is a graded Lie bracket. A simple example can be seen from the Cartan formulas.
As an example, for [Lx,iy| = i[x,y], where X, Y are vector fields and Lx is Lie derivation
by X, and [-,-] is a graded commutator, except that [X,Y] is a Lie bracket. In addition,

Lx =l[d,ix] = diy +ixd. The Cartan formula can be written as
ixy) = [Lx,iv] = [[d,ix],iv] (3.29)

hence

ixy) = [l ix], iv] = [ix, iv]a , (3.30)
which is a derived bracket. When making the correspondence iy <> X, [ix,iy]q becomes
[X,Y]. This shows that the Lie bracket of vector fields is a derived bracket [71].
For a generalized vector V = X + X\ where A is a 1-form, let & := ix + A A, which defines

action of generalized vectors on forms w € Q°*(M),

Ev(w) =ixw+ANw. (3.31)
We have the following relations
Evéy + &vév = (V. Y) (3.32)
and
Ly = [d,&] = dév + &vd (3.33)
[Lv, &) = [[d, &v], &v] = vy - (3.34)

Hence, the Dorfman bracket (2.33) is a derived bracket. For a detailed proof, see [71].

Our work in this section is closely connected to the previous topic of study and has been
prepared for submission. In the following, we will relate the Courant algebroid structure

using graded manifolds. In generalized geometry, we have been working with the objects
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of a Courant algebroid such as the bracket and inner product, where the variables of the
objects are vector fields and 1-forms. A distinct difference here, in the graded formalism,
is that we basically deal with the coordinates of the fiber and base with degrees. There
are relations between these coordinates to be satisfied and through them connections to the

Courant algebroid structure are established.

Before we set up the investigation in the language of graded geometry, we remind the
readers briefly about the Courant algebroid structure in generalized geometry. The founda-
tion of our investigation has been initiated from and built around a standard example of a
Courant algebroid, the one which we discussed in the previous topic. We consider a gener-
alized tangent bundle, £ = TM @ T*M, where the non-anti-symmetric Dorfman bracket,
[-,-]p and symmetric pairing, (-,-) are defined on elements of the space of sections, I'(E). In
addition, there is an anchor map p: £ — T'M. The axioms of a Courant algebroid are the
Leibniz rule, Jacobi identity, homomorphism, compatibility condition between pairing and

Dorfman bracket, and non-anti-symmetrism of the Dorfman bracket.

In this work, we are following [72] closely and perform deformations. Consider a graded
manifold Egaqea = T7[2]T[1]M, where [#] indicates the (shift of) degree in the fiber coordi-
nate. Given this graded manifold, which is a cotangent bundle with degree shifted by 2 of
a tangent bundle with degree shifted by 1 of the manifold M, the generators are 0-degree
function f, 1-degree anti-commuting X,Y and 2-degree v,w. Identification of the smooth
function on the graded manifold with space of section of A®*E* results in the following graded
Poisson algebra [72]:

{v,f} = v f, (3.35)
(XY} = (X,Y), (3.36)
{v, X} = V,X, (3.37)
{v,w} = [v,w]Le+ R(v,w) , (3.38)

where {-, -} is a degree —2 Poisson bracket. It satisfies a graded Jacobi identity

{e1,{e2, es}} = {{er €2}, e} + (=1)Urll=D{ey {e) e5}} | (3.39)

where |e;| denotes the degree of the generator e;. The curvature of the connection V is a
2-degree R. The difference here with the examples of graded manifolds discussed before is

that the fiber coordinates of the cotangent bundle include a degree 2 v.

Given a function © of degree 3 on the graded manifold, the structure equation
{6,0} =0, (3.40)

corresponds to the axioms of Courant algebroid |72], [73]. (3.40) is also called Maurer-Cartan

equation. Briefly recall that for a Lie algebra valued 1-form 6, the Maurer-Cartan equation
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is df + [0, 0]Lie = 0. So, from the basic objects ([-,|p, (-, ), p) for specification of a Courant
algebroid, it reduces to a graded Poisson bracket, or more specifically the object © to study.
The role of © will come clear momentarily.

The derivation of the graded Poisson algebra is identified with a homological Hamiltonian
vector field, dg = {0, -} on T*[2]T[1]|M,

[do, do]Lic = 0, d3=0. (3.41)

Relations (3.40) and (3.41) are equivalent. With a Hamiltonian ©, the Dorfman bracket is

realized as a derived bracket
{{617@}762} = [61762]D (342)

and the anchor map p as
{{e1, 0}, f} == pler) - f, (3.43)
where ey, e e (E=TM @ T*M).

3.2 Deformation I

In local coordinates of Egagea = T*[2]T[1]M, we have a 0-degree function z*, two 1-degree
anti-commuting x;, 6° (xi, 0" are dual to each other) and a 2-degree p; (p; is dual to z?).
The degrees of x; and p; are shifted by 2 in 7*[2]T'[1]M. The non-vanishing graded Poisson

brackets are
{pi,a’} =6 = {2’ p;} | (3.45)

where 7,7 =1,--- ,d,

1d
{€4,€8} = nap = <§)_d 0 > : (3.46)

where £ = (x,0) and A, B=1,---,2d. The corresponding anchor map to the tangent bundle
is
pxi)=pi and p(6')=0. (3.47)

We consider a deformation of the Poisson bracket with G = g + B, which is composed
of a symmetric metric g and an anti-symmetric two-form B. Hence, the deformed Poisson

bracket is
{e1,e2Y = e 9{e9(e1),e%(es)} , (3.48)

where €9 : Egaded — Feradea : €9(Xi) = Xi + Gij# in coordinates. We will omit the prime

notation for deformed objects hereafter. This subsequently amounts to a deformed bracket

{6063} = G = <2gf) 3) , (3.49)
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where «, f = 1,--- ,2d that contains

{xi x5} = 2945(2) . (3.50)
Furthermore,

{pi, x;} = (8:iGi)0" (3.51)

where Gjr = g;i + Bji. (3.50) is obtained from (3.48),

{Xi7 XJ} = eig{egXia egXJ} (352)
= e_g{Xi + Gib", X; + gjkek} (3.53)
= Gib + Gud = Gji + Gy (3.54)
while (3.51) can as well be derived from (3.48),
pixs} = e pin et} (3.56)
= e 9 {pi, x; + Gi0"} (3.57)
8:Gi 0" . (3.58)
We can infer from the following contraction with a ¥,
= Api, {pi> o3} + {{pis X} 05} (3.60)
= {pi,0;Gu 0"} + {0:Gu 0", p;} (3.61)
= 0:0;Gu 0 — 0,0,G1 0" (3.62)
= 0, (3.63)
that
As a summary, the Poisson relations are
{27} =0, {2",6°}=0, {a',x;}=0, (3.65)
{p, e}y =67, {xu0"}=06/, {6°,6°y=0, (3.66)

This set of graded Poisson brackets obey the graded Jacobi identity. All of the coordinates

have to be checked to satisfy the Jacobi. For example, the relation

{09407 xbh = (0" 07k — {07 0" b} (3.68)

between coordinates § and x satisfies the Jacobi identity. Note that fs (as well as ys) anti-

commute. Another example is between coordinates p; and x;, we have the Jacobi identity

{i {0 xe = v xs b oxad + s v xae s (3.69)
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as on the LHS

{pi, DG, xadt = {pi: 295, ) = 2095 (3.70)
and on the RHS
{pi b xnt + G Apixnt = {0630 xi} +{x5, 0:Gr 0'} (3.711)
0iGj1 + 0iGx; (3.72)
= 20,k - (3.73)

We remark that, in general, by (3.35) - (3.37), the Jacobi identity between the 2-degree v
and 1-degrees X,V is easily satisfied, as

{'Uv{X7Y}} = {U7<X7Y>} (374)
— 0 (X,Y) = (Vo X,Y) + (X, V,Y) (3.75)
= {{v. X3V} +{X {v,Y}}, (3.76)

by using the metricity condition.

In the order of coordinates (x,0, x,p), all their Poisson relations can be summarized in

matrix form:

0 0 0 —0";
0 0 ) 0
wl = , J . (3.77)
0 ¢ 295  —(0;Gu)0
57 0 (8:Gu)b" 0
The respective inverse matrix is
0 —(0;,Gw)0" 0 of
—(3G)0"  —2g; 6. 0
w— | TG Jik G : (3.78)
0 &, 0 O
i 0 0 0
which has been worked out block-by-block using w™'w = 1. (3.78) translates into the 2-form
w = —dz’ A(0;Gu)0" A dO" + da? A S5SF A dpy (3.79)
—d®? A (0rG)0" A dx® — doT A 2g;, A dOF (3.80)
+d07 A SF A dxi + dx; A A dOF — dp; A6y A dat (3.81)

It is straightforward to check that this non-degenerate 2-degree 2-form is closed: dw = 0 and

hence symplectic.

do = —da’? d(0;Gy 0") dO* — d67 d(0,G; 0") dx* — db7 d(2g;,) dO* (3.82)
= —da? (0,0;Gr dz" 0" + 0,Gyy dO") dO* (3.83)
—d67 (0,0,Gj1 dz" 0" + 0,.Gj dO") da*
—2d07 Oyg;x, dx" dO*
=0, (3.84)
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noting that

Ao’ N do' A dat = dat A deT A de' (3.85)
do? A da N do® = da" A dat A de (3.86)
do? A da" A dOF = —da" A de A db” (3.87)
and
(0;Bri) dz? A df' A dO* = 0 (3.88)

as B is anti-symmetric and dfs are symmetric. To summarize, the sign convention used is

d' Ndx! = —dx? Adx' (3.89)
dx; NdOT = dO7 Ndy; , (3.90)
A’ Ndot = do' A de (3.91)
dr' Ndy; = —dy; Ada'. (3.92)

This is based on two separate facts: sign induced by the anti-commuting odd coordinates

and by the exterior derivative.

We consider a simple Hamiltonian
0 =0p, (3.93)
it is clear that {©,0} =0,
{0,0} = {0'p:,0'p;} = {0". 0/ p;}pi + 0'{p:, 0'p;} = 0, (3.94)

as {0",6’} =0 and {6",p;} = 0.

To investigate the Dorfman bracket (3.42) that will arise from the deformation of the
graded Poisson algebra, let us work with the 1-degree X,Y only in the y basis, that is,
X = X%x)x; and Y = Y%(x)x;, as x is the corresponding vector basis in the picture of

generalized geometry. Firstly,

{(X,0} = {X'xi,0p,} (3.95)
= {X"(@)xi, 0/ }p; — " {X (2)xi, s} (3.96)
= Xip +67(8; X)) x; + X'67(9;G)0" . (3.97)
Then,
{{X,0},Y} = XY oY")xr+ XY 0:Gu)0" — (0:X")YF Y, (3.98)

+2gi107 (0; X YY* — X (0,Ga) Y™ 0" + X'07(0,G)Y" .
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Lastly, contracting the result with Z = Z%(z)y;,

{Z,{{X,0},Y}} = 294 (X' (2)(0,Y") = Y(2)(0;X")) Z'(z) (3.99)
+ZNz) X (2)Y*(2)(0:Gm — Gt + 01Gir.)
+2'(x)(0:X")291Y * ()

= 29(Z,[X,Y]Lie) +29(V2zX,Y) . (3.100)

Recall that the result (3.100) is equal to the result we obtained in the previous topic of
generalized geometry: (Z,[X,Y]p) = (Z,[X, Y]Lie) + 29(VzX,Y). From the first to second

equality (3.100), the connection coefficient can be read off as
o1
gl = B (0:Gk — OkGu + 0,Gir.) - (3.101)
Plugging in G = g + B, we have

1 1
= (0igrs — Okga + Oigir) + 5 Hir (3.102)

gjkrlij =3 ( 5

with the totally anti-symmetric 3-form H = dB.
To put into (3.100), note that the Lie bracket in coordinates is

(X, Yne = X' (0Y7)x; — Y (0:X7)x; (3.103)

and due to the relation (X,Y) = {X,Y}, we can contract the bracket with a 1-degree Z

which we have chosen to expand in only x basis,

<Z’ [X’ Y]Lie> = {Zv [Xa Y]Lie} (3104)
= 2g,;(Z'X"(8,Y7) - Z'Y(9,X7)) . (3.105)
Moreover, since

VX =70 X7 +T,/X"0; (3.106)

the connection is
20(V2X,Y) = 29(Z°(8;X7)9; + Z'T,/ X'0;,Y*0}) (3.107)
= 29(0;,0) Z(9,;X7)Y* 4 2¢(8;,0,) Z'T,/ X'V* (3.108)
= 203 7" (O, X)Y* + 201, Z' XY (3.109)

where the connection coefficient is (3.101).
On the other hand, from the definition (3.43), given (3.93), we have

{X,0} = X'p; + 67(0; X ") x; + X'67(0,Gq)0" (3.110)

hence,

{X,0}, f} =p(X)- f = X'0,f , (3.111)
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where the anchor map is undeformed, as p(x;) = p;, and {p;, f(z)} = 0;f.
An important note from the correspondence is in the following picture, for the graded man-

ifold on the left and the generalized tangent bundle from generalized geometry on the right,

T*[21T[1] M TME@ T M
N 0 }

we notice that the notion of vector field and 1-form gets interchanged.

3.3 Discussion 1

We recall our previous deformed Courant algebroid formulation that has led us to a non-
symmetric gravity theory [49]. By deforming the pairing and Dorfman bracket in our Courant

algebroid in such a way that the axioms are preserved,

/

(e1,e0) = (e9(e1),e%(e2)) = (e1, €2) + 2g (aler), ales)) (3.112)

and
le1, ea]p = e 9[e9(eq), €9(e2)]p = [e1, ealp + 29(Va(er), ales)) | (3.113)

we found a general connection V in the deformed Dorfman bracket that comprises Levi-Civita

connection and a contortion which is a totally anti-symmetric 3-form H:

oV = oVLC+1H. 3.114
g g 5

Note that the non-symmetric metric (as we named it in [49]), G = g + B in (3.112) and
(3.113) isamap G : TM — T*M for a Courant algebroid that is defined on TM @ T*M.
The resulting connection (3.114) is an object on TM. In the graded context, the map is
e . Egraded — Egraded- A connection is realized through the derived bracket, provided with
a 3-form function ©.

In [49], using the connection (3.114), we computed the curvature tensor in a coordinate
basis. In the current formulation, we find from the deformation (3.48) that {p;,p;} = 0.
This means that the deformed graded Poisson algebra has no curvature (see (3.38)). The
result reminds us of a Weitzenbdck connection which is constructed in terms of vielbeins. It
is a torsion connection without curvature.

It is well known that any metric
Gop = E," - nap - E”, (3.115)

can be locally expressed in terms of vielbeins E acting on a constant metric n. In the picture

of Courant algebroids, there is an O(d, d)-invariant symmetric bilinear form (-, -), where d
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is the dimension of T'M and T*M respectively. From (3.112), we have a decomposition in

(1 gT) | (o 1) . (1 0) _ (29(:6) 1> ‘ (3.116)
0 1 10 G 1 1 0

All the indices in (3.115) run from 1,--- ,2d. Note that

block matrices

G'=(+B) =¢g"+B"=g-B. (3.117)

Due to the fact that a g-transformation is not an O(d,d) transformation, it changes the

1 0
pairing. Now we take the point of view to treat the matrix g1 as a non-degenerate

vielbein of GL(2d,R). The Weitzenbock connection coefficient is defined as
w’ . =E," 0,E*, (3.118)

with vielbeins EAB [74] with indices a, 3, A =1,--- ,2d and i = 1,--- ,d. We compute our

Weitzenbock connection with the vielbein from (3.116) to obtain

Wi:< ! 0).@.(1 0):(0 0). 3119
¢ 1) %\g 1) " \ag o

The only non-vanishing component is dG, which appeared in (3.51). A useful formula for

inverting block matrices, as we need for the inverse vielbein in (3.118), is

)

(3.120)

where block matrices A and D must be square matrices, and A and D—CA~'B must be non-

A B\ [ (A-BD'C)! _(A—BD-'C)~'BD!
c p/) \-D'CA-BD'C)! D'+D!C(A-BD'C)'BD

singular. Again recall that the curvature formula is R';,; = 8kFlji—aleji+FkaiFlja—Flaiija.

The curvature of connection (3.119) vanishes,

Ry = < 0 0) _ <O O) | (3.121)
0:0G — 0,0,G 0 00

It is a Weitzenbock connection. The combination W) jaW,mi, Wi “W,," always vanishes. The

non-vanishing torsion of Weitzenbock connection is

TF — Wijk _ Wﬁk — aigj’“ —0,G." . (3.122)

ij
The contortion Kkij, which is equal to %(Tkij + Tikj + Tjki), is given by
1 1
Ke, =5 (09, = 0,9} + 00", - 0,0" + 0,6" - 0.9%) =5 (06, - 0,6") . (3123)

where we have used the anti-symmetry of B, Bjk = gkk/Bjk/ = —Bkj. Hence, Kkl-j = %Tkij.

The contortion is anti-symmetric in the lower two indices.
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Let us compute the curvature of the contortion part,

Rl = % (0(0G;" = 9,G)) — DG, = 9,G,1)) (3.124)
= %3 (09" = %:G/") (3.125)
= %@’(Wuf - W) (3.126)
%@'Tim : (3.127)
Consequently, its Ricci tensor is
Rij = 5‘ T (3.128)

and Ricci scalar, contracted with the metric g is

1 S PV
R=5¢"0kT); = 50T, (3.129)

Next, let us compute the curvature of a connection which is composed of a Levi-Civita

connection plus the contortion above, and then the Ricci tensor,

Rjy = R+ Ry + T Ko + KT’ = Ty Ko = KT (3.130)

la

) (k5)

where RJL-lC is the usual Ricel tensor of the Levi-Civita connection. We contract the Ricci

tensor (3.130) with g to get the corresponding Ricci scalar,

L 1,

R = RLC+§alelj+§gﬂr(lj) T*. (3.131)
1 .

= RLC+§(6Z—(Fle)LC)T"lh (3.132)

= R4 VCT] . (3.133)

Therefore, for the Ricci scalar (3.133), we can have an action

1

ST - 167TGN

/ddx\/_<RLc+ ~VL T, ) : (3.134)

where Gy is the gravitational constant. This action is certainly equivalent to the Einstein-
Hilbert action, as the second term is just a total derivative (recall identity (2.204)).
We know that the ordinary widely known teleparallel gravity action is given by |75]

1
Steleparallel grav. — 167TGN /d4$ VvV — (RLC + QV CTJ ) . (3135)

This teleparallel gravity is an alternative formulation of general relativity, with torsion but

with vanishing curvature.
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In summary: By deforming the pairing between the “vector” coordinates ({x;,x;} =
(Xi> x;j)) with the metric g, the consequent outcome in the graded Poisson algebra is rich.
From connection (3.102) which is a sum of Levi-Civita connection plus contortion, there is
nothing to forbid us from computing its curvature in the standard GR way. On the other
hand, we can deduce a Weitzenbock connection after we learn purely from the graded algebra
that it contains a vanishing curvature. In spite of having a strict correspondence between a
standard Courant algebroid and its established graded manifold construction, we arrive at
two separate pictures in the current formulation. One is a curvature-less connection on the

graded manifold, another is a torsion connection derived through the Hamiltonian ©.

3.4 Conclusion I

By respecting the Jacobi identity in the graded framework, we have derived a Weitzenbock
connection and a Levi-Civita connection with contortion (Kalb-Ramond field strength). One
may as well turn off the 2-form Kalb-Ramond B-field so that the connection is of Levi-Civita
type only. Our interest in the B-field is due to its natural realization in generalized geometry
and string theory. Property (3.43) that involves the anchor map in a Courant algebroid is
easily satisfied. Having the condition {©,0} = 0, the quantization of the structure will be
the next thing to investigate. We note that the curvature that is computed from having
the connection from the derived backet, is certainly not an object that is contained in the
mathematical framework itself. In the next section, we will attempt to incorporate the

curvature directly in the framework.

3.5 Deformation II

In this section, we would like to discuss another possible deformation. In a coordinate basis,

consider the following set of graded Poisson relations

{xisxj} = 29 (3.136)
(6.6} = 0 (3.137)
it = T (3.138)
{p, "y = -T,76" (3.139)
{pi,p;} = Rpijxe0" — Rauij0°0° := Ry (3.140)

with a general connection coefficient and its curvature''. The connection I';;* can in general

be expressed as F( ij)k +T,. . Ttis our guiding principle that the set of brackets are consistent

[i]
with the Jacobi identity. Let us go through a few of these Jacobi relations. For one that

involves p, 0, x, we have

{pi A0 xikt = {{pi, 07} xa} + {67 {pi, et} - (3.141)

'We note that two of the Poisson relations can generally be written in {p;, x;} = Vix; and {p;, ¢’} = V,67.
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Since the LHS is zero, if one assumed a different connection T for {p, 0}, different from the
connection I' in {p, x}, the Jacobi relation

0=-T,7+T,7 (3.142)

implies that [ = I'. Hence there is only one type of connection I' in the set of Poisson

relations. From the following Jacobi identity,
i G xa b = e xa b xad + s {pe xadd (3.143)
we obtain the metricity condition
Oigix — Tijlam — Tylgn =0 . (3.144)
For coordinates p, p, #, the Jacobi
{pis Ap; 0°3} = {{pi 0}, 6} + {py, {pi 0"}} (3.145)
tells us that on the LHS
{pi, —T;0'} = =0T )*6' +T,T,'0" . (3.146)
while from the term {p;, {p;,0*}} on the RHS, it gives
{pj, —T"0'} = —0,T,}0" +T,/T /0" | (3.147)

thus
{{pi,p;}, 0"} = R, ;0" (3.148)

where we have a curvature. Similarly, we have curvature from Jacobi relation between p, p, x,

{{pi. i} xa} = Rlyijxi - (3.149)

For a sign reminder, note that {6%, p;} = Fjliﬁl and {x;,p;} = —Fjilxl. Extracting the precise
expression for {p, p} requires a bit of effort. (3.140) was found to reproduce correctly (3.148)
and (3.149):

{pipi} 05} = {Riyyxab", 0} — {Ruy6°d', 6%} (3.150)

— R, 0" (3.151)

— Rk, (3.152)

{{pini}b ot = {Rha0" xi} — {Rai0°0', xi} (3.153)
= =29 R',;;0" + Ryixi + Riaijt' — Rari0” (3.154)

— Ry (3.155)
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where we have used the anti-symmetry property of the curvature such as thij = —thji.
Another interesting Jacobi relation is
{pi, {ps et} = {{pi, pi}s o} + {ps, {pis i3} - (3.156)

On the LHS, it is

{pi, Rlbijleb - Rabjkeaeb} = (aiRlbjk)Xleb + Rlbjkrilcxceb - Rlbjkricbxlec (3.157)
—(8¢Rabjk)9a9b + Rabjkl“icaé?céb + Rabjkl“icbeaéc

= ViR , (3.158)

on the RHS, we have
—{pr, {pi, p;}} + {pj. {pi, pi}} (3.159)
= _(alebij>Xl6b - Rlbijrklcxceb + RlbiijcbXﬂc (3.160)

(O Rapif )0°0° — Rapii T4, 090" — Ropis T 000°
+H(O; Ry ) xab” + Rlbikrjlcxceb - RlbiijCleec
—(0; Rapie)0°0" + Rapirel;."0°6" + Ropirl' ;. 0°0°
= _kaij + ijzk , (3.161)

in total from the Jacobi (3.156), we get the second Bianchi identity,

ViRjk + ViRij + VR = 0 . (3.162)

The graded Poisson relations are summarized in

i il
S Oj % L f (3.163)
0' 5z 2.%] _Fji X
o) —I,0° Ly xe Ry
Its inverse gives
k k
C; Ajk L k0£ 0;
Bj _2gjk 0 0
“lrje ¥ 0 ol (3.164)
k| k
-0, 0 0 0
where
Aj = _2gaijga 0" — Fj]f Xe (3.165)
Bjr = —2gjly" 0" — ijz Xe (3.166)
Cik = —29abrjzarke/b 00" — Fjébrkbel 0 xe — Fjberké’b X" + Ry, . (3.167)
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The symplectic 2-form corresponding to (3.164) is

w = da? ACjp Nda® 4 dx? A Ay A dOF (3.168)
+da? AT M0 A dx, + 2da® A dpy, (3.169)
+d# A Bji, A dx® — d67 A 2g;, A dOF (3.170)
+2d6F A dxi + dx; AT, 0° A da® (3.171)

Remarks regarding the signs, when the order of the coordinates is exchanged, are for in-

stances,
dr 0 =0dz Ao =—0do , (3.172)
drdf = —df dx , dx df =dbdy , (3.173)
additionally,
d(0'¢7) = do" 07 + 0" df’ . (3.174)

More importantly, we have used the form of da! Q;; dx”’, doing the computations, with Q;;
positioned in the middle, contains the matrix elements of w (3.164), and I, J denote all the
type of coordinates there are. Therefore d(dz! Q;;da’) = —dx! dQ;y da’.

Using the standard curvature formula

R = Ot — 0 + T, T =TT (3.175)
we have
Ratjit” (3.176)
= —gwhi ;0 (3.177)
— —gll/ (ajrkk’l/)ek/ + gll,(ak]_—‘jk,l’)ek/ _ gllll—‘jk/l/l_‘khk;/eh + gll/l—\kk/l’l—‘jhk;’eh (3178)

— g D" T 0% — gul T 0% — gD T K 0" 4 gu Dy T, 0
= —0;(guTyw' )" + ak(gll’rjk’l/)ek/ + ghl’rjlhrkk’llek/ - ghl’Fklhrjk’llek/ , (3.180)

where the metricity condition
h h
ajgll’ = Fjl gnr + Fjl, gni (3.181)
has been used in the third equality. Hence,
_ b b hp b hp b
Ragje = —0;(90lva’) + Ok(9al ;o ) + gmolse T — gnol'id ' T - (3.182)

This explicit expression is useful for later determination of some results. After careful compu-
tations utilizing (3.175) and (3.182), we find indeed dw = 0. The 2-degree 2-form symplectic
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structure is proven closed. We remark that the metricity condition can also be obtained
from the vanishing component of d A dz A df from dw, that is, from df® A dz? A dOF, we get
—20; 91, + Zgj/ij/l + 2ggj/1“jkj/. Note that dw = 0 is done by checking all the components

to be vanishing. For instance, we get from the components
j ¢ ¢
dxe Nda? NdO* 2 2T, +2T,°, (3.183)
which is trivially zero,
dxe Ada? Ada® T, P — T, Ty P0m + RE 0™ — 2 0Ty, 0™ (3.184)

which is zero, knowing the formula of curvature tensor. The same occurs with the other

components.

In local coordinates, the function © can in general take the form

For the set of deformations proposed here, we define the 3-degree Hamiltonian as

O = 0'pi+ T, 00" xi — Tyiyug0'07 6" (3.186)
) 1 o o
= i+ 300 X — Ty 007 0F, (3.187)

where F[ij]k = %ka in coordinate basis with torsion 7'. After extensive computations, we
find that
{6,8} =0. (3.188)

To get to the above result (3.186) that leads to (3.188), we begin with a Hamiltonian in
O = Oip; +Cijk9i9j xi — Cijr0°076%, to solve for two distinct (independent) functions Cijk and

Cijk- Firstly we have from
{0'pi, 0/p;} = —20°6°T, " py + 007 (R™; ; Xm0* — Ramis0“0™) . (3.189)
For other components in {©, O}, we get
{Cir0'6°0% Cyi07 67 0¥ = 0 (3.190)

as {0°,607} = 0 and {f(z), g(x)} = 0 for functions f, g,

2{0" P, O, 001} = 2C, 007 py, +20™(9,C;" )00 s, (3.191)
—20"C T, 00k — 20™C T, 700 X
+20™C, T, 007X,

2{0"pp, —Ciji0' 70"} = —20™(0,,Ci5)0'° 0% +20™C;i;,.T,,,10"070%  (3.192)

—20'Cy. T, 0m0"0% — 20°Ci T, ko607 0"
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3 GRADED GEOMETRY

2{C; 00" X1, —Cirji0 070"} = —2C,, Chjw0'6707 0¥ (3.193)
+2C, Cryr0'670% 07"
—2C; Crjnd' 00" 07|

{C 00, Cy 00 i} = Oy 008 i — C1Cy M 008 xo (3.194)
+C,, O 08 0700 xs, — €O 08 07 0,
+29]m/0”ka/j/Z/eklejlezejxk .

After some manipulations, we obtain Cijk = ka and Cyp = T, in order to have

ij
(0,0} =0.

The Hamiltonian (3.186) in this case contains additional terms that involve the connection

coefficient with certain symmetries. The fully contracted derived bracket is

{Z,{{X.0},Y}} = 29(Z,[X,Y]ue) (3.195)
+29(VFX,Y) (3.196)
+Z" XY (9o Ty, + 2950 T} %) (3.197)
+62" XY Ty (3.198)

/

where F[abc] = gc/[cFab]C .

3.6 Discussion II

In this deformation, we have similarly begun with the same metric (3.136) in block matrices

2g(r) 1
(1 0)‘ (3.199)

0 1
Recall again that the O(d, d) metric in generalized geometry is 10 Instead of a Weitzen-

béck connection that appeared in (3.51) previously, we have started with a general connec-
tion coefficient in (3.138) - (3.140) and consequently its curvature in the algebra explicitly.
As usual, the general connection is composed of a Levi-Civita connection and contortion.
From (3.198), the resulting Dorfman bracket is found to be deformed with a Levi-Civita
connection, torsions and a totally anti-symmetric connection coefficient. This totally anti-
symmetric connection coefficient which first shows up in the Hamiltonian (3.186) is indeed an
additional piece of information to the graded Poisson algebra. The corresponding property

(3.43) is the same as in Deformation I.

We remark that in this deformation, we have not used any raising metric ¢~! throughout

the computations. A similar outlook as in the Sec. (3.2) (Deformation I) is to study the
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3 GRADED GEOMETRY

quantization of {©,0} = 0. This may serve as an alternative window to the quantization
of gravity. Apart from that, one can as well attempt to compute the curvature using the

connection coefficients and torsion in (3.198), thus obtaining the action for such deformation.
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4  GALILEONS

4 Galileons

4.1 Introduction

A special symmetry, called Galileon symmetry
T — T+ bt +c (4.1)

is a transformation of a scalar field m(x) which contains a linear piece with a vectorial pa-
rameter b, and a constant piece c in its shift. Both b, and c are constants. The symmetry is
a generalization of the Galilean symmetry, £ — & + v in non-relativistic mechanics, in which
“dot” denotes time derivative and v is the velocity. The field 7 is hence coined as Galileon.
The gradient of (4.1) gives 9,7 — 0,7 + b,,.

In the interest of gravity theories, besides the requirement of general covariance, having
extra special symmetry in the theory can strongly constrain the theory and reduce the
parameter space [18]. The Galileon symmetry (4.1) was imposed on a Minkowski background

in [22]. The possible Lagrangians which are invariant under (4.1) are

L, = . (4.2)
Ly = —% L molT (4.3)
Ly = _gazﬂaﬂauw, (4.4)
L = - (@ - @0 @) monn (15
L; = —% ((0°7)* = 3(0%m) (3,0,) (0"0" ) + 2(0,0"7) (8,0°T) (9,0"7))

X Oymo'T | (4.6)

in 4-dimensional Minkowski spacetime [22|, where 9* = 9,0*. Derivative self-interacting
non-linear terms are introduced in the Lagrangian. The corresponding equations of motion

>.:.& =0are

& =1, (4.7)
E = 0w, (4.8)
& = (0°7)* —(0,0,7) (0"9"7) | (4.9)
& = (0°1)® = 3(0*m)(0,0,7) (019" T) + 2(0,0" ) (8,0°) (0,0"7) , (4.10)
E = (0°m)* —6(0°m)(9,0,7) (0"0"7) + 8(9*m)(0,0" ) (9,0°) (0,0")

+3(8,0,7) (940" 7)(0,0,7) (0°0°T) — 6(0,0,7) (8" 0°7)(D,057) (0°0"w) .(4.11)

In general, the variation of the action gives [76]

5i d*x L;(m,0m,007) = &(007) (4.12)
m
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where

E(00m) = (i — )11 -84 (9,0 71) -+ (8, ,0" ') . (4.13)

vi—1]
The equations of motion of 7 are also invariant under (4.1), and are at most of second order

in derivatives.

The promotion of the partial derivatives to covariant derivatives, thus generalizing the
flat Lagrangian to a Lagrangian in curved spacetime was done in [77]. For Lagrangians £, £y
and L3, the replacement of partial derivatives by covariant derivatives still gives equations
of motion with terms of not higher than second derivatives, both in the fields and metric.
While for Lagrangians £4 and L5, non-minimal couplings between the field 7 and Riemann
tensor are introduced to play the role of keeping the equations of motion free from higher

derivatives. In curved spacetime, they become
1
Ly, = (VarV'n) <2(|:|7T)2 —2(V,V,m)(V'Vir) — ER(VpT( V”W)) . (419

Ls = (VarV*0)[(Or)® —30r(V,V,m)(V'Vir)
+2(V, V') (V,Vrr) (V, Vi) — 6(V,7)(VIV 1) (VPr) G, (4.15)

where G, is the Einstein tensor, which is equal to R,, — %ngp. O = V,V*, where the
covariant derivative V) is associated with the symmetric metric g. When g is replaced with
the Minkowski metric, they reduce back to the Lagrangians in flat spacetime. The Galileon
symmetry is broken at the level of the equations of motion of the covariant version of the La-
grangians. This is due to the appearence of first derivatives in the field 7, as can be inspected
from the Lagrangians, which arises from the coupling term with curvature. For explicit ex-
pressions of the equations of motion of £4 and L, see [77]. The more crucial demand to
preserve is that the equations of motion contain only up to second order in derivatives. This
is based on the Ostrogradsky’s theorem which states that higher-derivative theories usually

contain ghost degrees of freedom [19].

The extension of the theory to arbitrary dimensions d was worked out in [23|. The action
1s
Pmax

S = /ddI vV —g ZC("+17p)£(”+17p) 3 (416)
p=0

where pnay is the maximal integer part of ”T_l with n < d. The coefficient is
1\” (n—1)!
Cin =|—= 4.17
o= (-5) @t o (D

and the Lagrangian form for (n 4+ 1) number of occurences of field 7 is

1
_ K13 H2n—1V1" "Vd—n ~H2[44 " H2n A P
E(nJrLP) - (d_n>|€ € 1/1~~-1/d_"7T§M17T§M2(7T 7T;)\) X
D n—2—2p
X | IRM4«L71M4¢+1H4¢M41‘+2 | | W§H2n7172jﬂ2n72j ) (418)
i=1 7=0
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where ¢*1#3 is the Levi-Civita tensor. When p is zero, it just means that the Riemann

tensor part is removed from the Lagrangian.

4.2 Preliminaries on the Graded Formalism and Mixed-Symmetry

Tensors

The Galileon actions known are intricately decorated with indices, structured by two Levi-
Civita tensors, carefully contracting the fields. Scalar fields 7 and p-forms have been well
investigated in the literature [23], [78]. Here, we are going to reformulate these known
Galileon actions using the two set of graded variables, which we have come across in the
previous topic of graded geometry. Furthermore, we are going to play the same trick in
considering mixed-symmetry tensor fields, which has not appeared in literature. Our work
[79] is expected to appear on arXiv in a few weeks time. Certain materials here are quoted
from it. The two independent graded variables we are using are the degree 1, self-anti-

commuting y and 6,
00" = —00", x'x' =X, O =x0". (4.19)

They can be simply called Grassmann variables. We have chosen the y and 6 to be mutually
commuting, as seen from the last expression. If they were anti-commuting with respect to
each other, it only amounts to an overall sign difference in the flat spacetime. When we
covariantize the flat-spacetime actions with the Levi-Civita connection, this convention is
still consistent. The graded manifold in this case can be denoted as (T'[1] @ T'[1]) M.

Using these graded variables, we define the degree 1 exterior super derivatives
d = 0", and d=\'0; . (4.20)
As x* commutes with 6, dd = dd. The two derivatives are nilpotent,
42 =0070,0,=0 and d = x99, =0. (4.21)

Besides derivatives, we need to define the integration, in order to build the actions. Let us

recall the basic formula for the Berezin integral,

/d99 ~1, (4.22)

in the flat spacetime, which implies
/ dPg Girgir-r . g1 = eIt (4.23)

in the curved spacetime, for Levi-Civita tensor gfpir—1--J1,
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For the curved-spacetime version of the theory, similarly, the covariant exterior derivatives

in terms of the graded variables are

V=0V, and V=x\V;. (4.24)

The covariant derivatives act on the variables (treated as bases) as

V0% = —ijfj and Vixt = —XJFZ . (4.25)
Hence, we obtain
Vo' = —00'T) = —%eieﬂ'Tg =0 (4.26)
VX' = =0T}, = -T* (4.27)
Vo' = x0T = —T* (4.28)
VyE = —%XiXJTfj -0. (4.29)
We shall assume a Levi-Civita connection, with vanishing torsion TF, = '}, — ' = 0. We

have only one type of connection, where each of the two lower indices in the component of
I'* contracts separately with y and 6 variables, as can be seen in (4.27) and (4.28).
Obviously, the square of covariant derivatives is not zero. As it involves the commutator of

the covariant derivatives, it gives us curvature,

v? = %eieﬂ'[vi, v,], V= %Xixf[vi, v, (4.30)

which also means
Vi = -VIV= —%Xiekef}zﬂ'i“ , (4.31)
V¥ = VIV = —%eiXkX@RjM . (4.32)

Recalling the basic formula from Riemannian geometry on a vector field V', we have

[V, V;]VF = RE,VE. (4.33)

tij
Acting on the graded variables, the commutator between V, v gives

(V. VX = 0N Ry, [V, VG = 00X Ry, (4.34)
V. V0! = X'0"0'R . [V.V]0; = X0°,R",; . (4.35)
Let us conveniently define

Riem = R0’ x\"x" , (4.36)

with the components of the Riemann tensor. The symmetries of the curvature tensor, that is,
the anti-symmetrization of the first two and the last two indices are naturally incorporated.

We like to mention that in this work, the Bianchi identities are heavily used and have served
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a very important role in the simplification, especially the second Bianchi identity, which can
be rephrased as
VRiem =0, VRiem =0, (4.37)

besides the first Bianchi identity, R™
We further note that

ijkeiejek =0, Rmz’ijinXk = 0.

. 1 , ~
X'V = —§Riem = 0'V?0; , (4.38)

where x; = gn"Xi/, 0; = gii’eil-

Next, let us present the necessary graded definitions needed for the mixed-symmetry

fields. As it is known, symmetries of a tensor can be visualized in Young tableau diagrams.

A row diagram, for instance for a rank-two tensor | ¢ | j | represents a totally symmetric

7
J
Mixed-symmetry tensor will be represented by a combination of these two types of diagram,

tensor 1(;;), while a totally anti-symmetric tensor Tj;; is represented by a column

that is, in the one diagram, it merges both row and column. For some examples of Young

tableaux, see 80|, where the interest is in actions for general tensor gauge fields.

A (p,q) mixed-symmetry tensor can be represented in a local coordinate basis (x') on

spacetime M as

1 i i j j
T = p!_q!ﬂiL--ip][ﬁqu]dx '@ @d?@det @ @dat (4.39)
where p, ¢ are positive integers. Equivalently, it is

1

0D = p|_q|Til---ipj1...jquEil AL Adar @ dat AL A dade (4.40)

The tensor is separately anti-symmetric in the ¢ indices and j indices. Therefore, components

of such tensors satisfy

Ty ipji)j, = 0, (4.41)
Thiripliiodal = Tljrdallivip) » for p=1q. (4.42)

There are no additional anti-symmetries in the tensor, as stated by (4.41). For p = ¢, there
is no distinction between T®% and T?) as meant by (4.42). In our case, T can be
represented by a Young tableaux consisting of a column of length p and a column of length

12

q [81]. In graded variables, the mixed-symmetry tensors'? are expressed as

1

T = p'_q'Tz‘l...ipjl...jqeil-'-9ipXj1---qu, (4.43)
~ 1 i ip i '
T = T X X (+.44)

p

12Gometimes denoted in the work as mixed-tensors or mixed-fields in short.
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Apart from the fact that mixed-symmetry tensors include scalars and differential forms as
special cases (as we will see later in Sec. (4.6)), let us also mention that in string theory,

mixed-symmetry fields were found to be coupled to non-standard branes [82].

Let us now explain the operation of the previously defined structures on the tensor. The

exterior derivatives are maps of
d: QPI(M) - QPH(M)  and  d: QEPO(M) — QP (M) | (4.45)

acting accordingly as

1 . . . . .
AT = =8 T iy, da’® Adz™ A Az @ da?t AL A dad (4.46)
pq:
- 1 . , . A _
dT = ﬁajoﬂ‘y..ipjl...jqdf“ Ao Ade? @ da? Ada?t AL A dae (4.47)
pq:

It is straightforward to see that
dT™Y = 0%(0,T;;)0"x’ (4.48)
for a (1,1) mixed tensor T3V = T};0'\7 as an example. For the covariant version, it is
vTWY = (dT;)0\* — T;; T, 0°0'x" = (0kTye — T;;T5,)0%0°x" = dTMY —TIT,0° . (4.49)
For a general mixed-symmetry tensor f(p"”, it is
VT =dT — pT'Tu, ijr s X2 X707 .. 67 (4.50)

Finally, we will need the symmetric metric for the flat and curved spacetime, which we define

as

n = n;0'x’ , g=gi;0'x . (4.51)

4.3 Scalar Galileons and Differential Forms in Flat Spacetime

The action for scalar Galileons in D > n dimensions with n + 1 occurences of the scalar field

7 may be written as
1 -~
Spialr] = D / dPz / d”0d”xnP" dr dr (ddr)" (4.52)

_ _ﬁ / 4Pz / P9 dPx nP "« (ddm)" | (4.53)
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where dP0 = df'...d#P and similarly for d”y. Using the definitions from the last section,
the action (4.53) becomes

Spri1[m] = ﬁ/de/dDede (XL~ (07 05, 70) (X7 0, ) (0" X 0 0ym)" !
= ﬁ /de/dDGdenanlnH T N L AR G
X O Gt Xj”mlﬂjlmm e Tiin
_ o i ~ /de/dDe APy 01 . P\ .y Peiinknitekp dinbitidp o
X Mo srlmit - - Moplp Tin Ty Tings - - - Tinjn
1

— le. gil---ink/'n+1---kD€jl---jn
(D —n)!

Fosr ok Tt Tt Tinga - - Tinjn (4.54)

in the notation m; = 0;m and m;; = 0;0;7 [83]. We have used the following properties,

g .. 00 = ghingt 9P (4.55)
/dDQde91...0DX1...XD:1. (4.56)
(Recall that e = ——§""P and &;,;, = +/|g|0%  are the Levi-Civita tensors in the

= 7ah
case of curved spacetime.) Due to ddm = ddm = 0, the field equations from this scalar

action are

Epiy = / dP9dPynP " (ddr)" =0 , (4.57)

which are obviously second order in derivatives.

A generalization of Galileons for an arbitrary degree of differential forms is easily man-
ifested in the index-free formalism using graded variables. For an abelian 1-form A, which

we will see it appears in a physical theory, let us define
A=Al and A=A, (4.58)

with the field strength F' = dA, which then gives rise to

F—=dA-= %Fijeieﬂ‘ and F=dA= % X (4.59)
They satisfy the Bianchi identities
dF =0 and dF=0. (4.60)
The corresponding Galileon action is given by
Son[A] = (DTH / dPz / dP9dPynP*"1'dAdA (ddA)" " (ddA)"~
= (DTH / dPz / AP0 APy PP F F (dF)" ! (dF)"' . (4.61)
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Following the same steps as in (4.54), the action expressed with two Levi-Civita tensors
(here, Levi-Civita symbols as we are in flat spacetime) is recovered. The 1-form Galileon

action in the flat spacetime is a total derivative, for n > 1 78], since it can be written in

— 1 D Dp 1D 1 D—3n+1 2 (3 \n—2 (1 p\n—1
Son|A] = (D_3n+1)!/d x/d 0d Xd(2n FF?(dF)"%(dF) , (4.62)

for 2n > 4. In the language of graded formalism, this is simply because A and A are degree
1 fields (4.58) and thus
(ddA)? = (ddA)*> =0 . (4.63)

This is easily proven as follows,
(ddA)? = (XX 0,0;4%) (0 X" X" D0 Ar)
= 09I\ 0;0; Ak O10m As
1., . 1, . :
= 5QZQZX]XkaXnaiajAkazamAn + §9lQIXanX]XkazamAnaiajAk
1 . L
= 5(9191 + 0" XXX X" 0;0; Ak 010m An = 0 (4.64)

and similarly for A. For n = 1, the abelian 1-form action (4.61) is not a total derivative,

but an action for electromagnetism

~ 1 o 1 .
/ dP0dPyn"*FF = / dP0d"x (nud*x")P? (51%11-29“9”) (51%1]-2%1%2)(4-65)
1 1% 17
= 15 ' 2k3“.kD€] ]2k3...kDF%1i2F}1j2 (466)
1 .
= 3 L FY (4.67)

which indeed has second order field equations only. Hence, the standard 4-dimensional

electrodynamics may be written in this graded formalism as

Sem.[A] = —% / d*z / d'0d'xn*dAdA . (4.68)

For the general case of a p-form w with field strength F' = dw, let us define for a p-form

w® = H%mipeil L (4.69)

Note that we are using the boldface notation to denote objects associated with the anti-
commuting graded variables, which in (4.69) is the s. There is similarly a second object

with the same components,

N 1 . .
P = Hwil..-ipX“ X, (4.70)

0) 0)

in the set of graded variables y. For O-forms (scalar fields), we have that w® = &) = w(©).

The (p + 1)-form field strength leads to the expressions

F=dw=—1-F

(p+1)! g ... 67+ and F =dw = ;)!Fil_..ipﬂxil XL (471)
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The p-form Galileon action is

1
(D—(p+2)n+1)!

Sonlw] = /de/dDe dDX an(p+2)n+1 FF (dl’;“»)nq (’&F)nq .
(4.72)
The 0-form case (4.53) with F' = F = dr, is implemented via the redefinition n — ”TH For
n = 11in (4.72), one obtains the standard kinetic term F;
For an odd p-form w©49) | the action (4.72) for n > 1 is a total derivative for the same reason

as for p =1 [78], that is,

1.,,ip+1Fi1“'iP+1 for an abelian p-form.

(ddw®©D)? = (dde©)? =0 . (4.73)

4.4 Mixed-Symmetry Tensor in Flat Spacetime

Our goal is to write a general higher-derivative action for a (p, ) mixed-symmetry tensor
field such that it leads to exactly second order field equations. Consider a (p,q) mixed-
symmetry tensor field 7% and its graded counterparts given in Eqs. (4.43) and (4.44), the

mixed-symmetry Galileon action is

1 ~ o~ ~
Son[TPD] = G / dPx / dPg P P ~*dT dT (ddT)" ! (ddT)" ', (4.74)

with £ = (p + ¢ + 2)n — 1. Variation with respect to T shows that the field equations are

strictly second order in derivatives. This action is gauge invariant provided that

dd(6T) =0, (4.75)

which is when

ST®9) — gAP-19) 1 ga/®Pab (4.76)

For the mixed-symmetry field, once again it holds that
(daT(p’q))2|p+q=odd = (daf(p’q)>2|p+q=odd =0. (4.77)

Therefore, the action (4.74) for n > 1 with p + ¢ = odd is a total derivative. The first
non-trivial single-field case with p # ¢ arises for p = 3,¢ = 1. The action in 11 dimensions

for n = 2 (that is, action containing 4 fields TGV) is
STV = / Atz / d''gd"y AaTCHdr*Vadr®ddTe (4.78)

— 1, i jiedug 70 9. 7. .9 9.7T. . ..9.9 T . . .
- /d Te € 811E21324J18j TJSJ4]5Z5816816T]7J8]9178188]10E9110111]11 .
(4.79)

Using graded variables, it is straightforward to translate into the index formalism widely

used in the literature.
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Let us now discuss the special case of p = ¢, where we can have T = f, which then
allows also the following form of the action,

1 ~ ~
Syt [TPP)] = Dn / dPx / dP9dPynP~*aT dT (ddT)" " , (4.80)

with k& = (p+1)n+p. If we consider h(1Y) as a symmetric tensor fluctuation to the Minkowski

metric such that h;;(z) < 1 as in linearised gravity, we can express the linearised Einstein-

Hilbert action in four dimensions as

1 ~
Steulh] = -1 / d*z / d*0d*ynhddh (4.81)

1 o o

= _Z/d4x/d49 d4X77i1j10“X]1 hi2j2912X]2 X (482>
x 6% st o' Xj4 iy 05 hiyj,

- _g/d4x/d48 d4X niljlgzlxﬂ hi2j2612X]2 (QZSXJSQMXMRiﬂBijAL) ) (483)

where R;,;,;, is the linearised Riemann curvature. Recall that the linearised Riemann

curvature is expressed in terms of the linearised metric h as
1
Ri4i3j3j4 = 5 (813 aj:s hi4j4 + 8i4aj4 hisjzs - als 8]'4 hi4j3 - a1'48]'3 hi3j4) : (4'84)

We proceed to obtain

Seanlh] = —% / diz <hiJRZ-j - %hR) (4.85)

1 g 1
_ —§/d4x Jid <Rz‘j _ 57]in> , (4.86)

where R;; = Rkikj is the linearised Ricci tensor and R = "/ R;; is the linearised Ricci scalar.

he
2
MPlaan

Newton’s gravitational constant G. We have taken h = 1 = ¢ in the computations.

for

Recall that from the linearised graviton, g;; = 1;; + kh;;, where k2 = 8rGN = 87

With more occurrences of h, we expect to find non-trivial Lovelock invariants. We have from

the action (4.80) for instance at 5 dimensions,

1 -~
SLeelh] = ~1 / ddz / d°0 d®y h ddh ddh (4.87)
1 [ -
= _E d5.1' ghzIstas gl1 27335 hi1j1 Ri2i3j2j3 Ri4i5j4j5 : (488)
Out of the 5! possibilities, let us work on the following permutations to get
_ i d5x (51'11'1 52'23'2 5i3j3 51'43'4 5i5j5 4 (5i1j1 5i2j4 6i3j5 5i4j2 52'51'3 (4.89)
16

_5i1j1 5i2j2 5i3j5 (5i4j4 5i5j3 _ 52'11'1 51'2]'4 5i3j3 (5i4j2 5i5j5
_§idn §iags §isja §iads §isiz _ §i1d1 §i2ds §isg2 §iaTs 5i5j4) %
X hi1j1 Ri2i3j2j3 Ri4i5j4j5

= d°z h(R?* + RyjuR"™ — 4R;;RY) . (4.90)
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We find that it contains the familiar looking Gauss-Bonnet term, in linearised Riemann cur-
vature. Starting from the Galileon type of action, we have managed to derive the linearised

gravity action and also got a clue of the correction term.

Using the graded formalism, it is simpler to generalize the mixed-symmetry Galileon
actions to multiple species, with field equations not more than second order in derivatives.
For a tower of n mixed-symmetry tensor fields, an action which continues to possess the

characteristic of being polynomial in the fields, is given by
1
S[reran)  leean)] — /dD /dD9 dPy nP—Fk
[ e b= o) 4" X

X H dT(p'r'l sqrq ) H af(p'r'g 7‘17‘2) X

ri=1 ro=ni+1

ns n
> H ddTPs1:951) H ddT Ps22) (4.91)

s1=n2+1 so=nz+1
for some ordered integers n; < ny < n3 < n. The action has field equations of only second
order in derivatives or less. It is non-vanishing only when it contains an equal number of

anti-commuting variables y, #. This means

ni n2 ns3 n
2 —np+ Y (=)= > e—a)+ D, r—a)— Y (pr—q)=0. (492)
r=1 r=ni+1 r=no+1 r=ns+1

In addition, the action is defined for D > k dimensions, where

k:n+n1_n2+i:pr+ i: qr + i: Dr + Z qr - (493)

r=1 r=ni+1 r=no+1 r=ns+1

4.5 Covariant Mixed-Symmetry Tensor

The covariantization procedure as proposed by [77] is to replace all partial derivatives with
covariant derivatives and to add compensating actions to remove all higher than second
derivative field equations from the covariantized action. If we ask the question of what is the
most general covariant Galileon action that will prevent us from getting higher than second

order field equations both for the field 7% and metric g, it is clearly and simply
1 ~
So[T#9), g] = DR / dPz / dP0d°x/—gg” VT VT (4.94)

with k=p+q+1.
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To be in coherence with the previous forms of actions, for the mixed-symmetry field, we

have the action as

Sominy[TPD, g = ﬁ / dPz / dP0dPy /=g gP* VT VT (VVT)" (VVT)" ,
(4.95)
with k = (p+ ¢+ 1)(n + 1) + 1, which is more complicated compared to (4.94) as it con-
tains polynomial of second derivatives. There are a total number of (2(n + 1)) fields in the
action. For simplicity, we will work with n = 1 in the following®®. The goal is again to have
equations of motion of at most second order in derivatives for the field and the metric. If

there are terms with higher derivatives, which we call “dangerous”*

, compensating actions
are needed to cancel them in the equations of motion. Note that it is ensured by the action
that the equations of motion of the mixed-field is at most of second order only. Obviously
this is because the derivatives that actually act on the mixed-field are the partial derivatives,
as the connection part of the covariant derivatives only acts as a multiplication to the field.
The danger of having more than second derivatives in the metric is however inevitable, as
there will be instances where the Riemannian curvature gets differentiated. On the other
hand, from the covariant action (4.95), the variation with respect to the metric will render
both the mixed-field and metric to have higher than second derivatives in the field equations,

in fact the variation with respect to the metric is more cumbersome.

From the action (4.95), there are 5 dangerous terms from the field equation for f,

(1+ (=19 (VVVT) VT VVT — VT (VV>T) VVT (4.96)
—VT VT (VVVT) + (-1)'VT VVT (VVVT)
+(=1)PHVT VT (VVVVT) .

Similarly for T, there are 5 dangerous terms

(1+ (=1)P*9)(VVVT) VT VVT — VT (VV>T) VVT (4.97)
—V*T VT (VVVT) 4 (-1)'VT VVT (VVVT)
+(=1)PTVT VT (VVVVT)

in the equation of motion. The field equations (4.96) and (4.97) are the same under x < 6.
Hence the covariant action (4.95), which is invariant under x <> 6, precisely describes a
single degree of freedom T4, In what follows, discussions will be based on the copy (4.96),
bearing in mind that results are to be multiplied by 2. The way to proceed now is to ex-
press these terms in curvature, before we can introduce the necessary compensating actions

(compensators).

13To avoid bulkiness in the analysis, we will also leave out the normalization factors.
14 Always, when we say dangers or dangerous terms, we are referring to terms higher than second order in

derivatives, which we sometimes also say they are the higher derivatives here.
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From the Jacobi identity of covariant derivatives

leeixp([v]'l, [Vza vjz“ + [VZ‘, [VjQ, le]] + [nga [le, V“H) =0 , (498)
we obtain
2Xj19in2 [le’ [VZ.’ ng]] — _leeinz [vh [vjw vjl]] . (499)
Since
(Va, [Vy, VDT = (Va[Vi, V)T (4.100)

for any tensor 7', thus
~ o~ 1 ~ ~ ~
VVVT = 5V[V,V]T+V2VT. (4.101)

To the field T', the second term on the right hand side is safe, as it is a Riemannian curvature
multiplying the covariant derivative of the field. Hence, in indices, the danger on the field T
from VVVT is given by

%Xjéeixﬂ'i(vi V. V)T (4.102)
a _%p B (ViR i) Tty gy 0 - 07X oo XS
- _}lp VO ViR 1, = Vi Ry ) T 07 070 X0
— ip NN (ViR T iy, 07 07X
= —;lp (V'Riem)Ty,...ij0..5,0 - 07X - X (4.103)

where we have used the second Bianchi identity from the second to third equality. Note that

Vg =0. For V%VCZN", the dangerous part is
1

_Z_lp (VER’iem)Diz...ipjl...quiQ tee Xipejl L qu s (4104)

and from VV2T, it is

1 . S .
— Zp (VzRiem)TgiQ,..ipjl...jqﬁm cee H%Xﬂ cee qu . (4105)

Finally, from the four derivatives V%V%T, we get a derivative on Riemann curvature as

well, which implies a third derivative on the metric, as
1 1 ~ . o .
— Z(VﬁRiem)VgT + 74 (V'Riem)VT,,. i gj,..5,0" - 07X - 7. (4.106)

For convenient short-hand notations in what follows, let

Ty = Tiigipjyj, 02 07X x| (4.107)
T, = Tig-ringnj X2 X207 - 00 (4.108)
Ty = Ty, 0 - 07X7 x| (4.109)
jvtg — Til.-.ipejQ...quil"'Xi”eﬁ"'ejq . (4.110)
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The total 5 dangerous terms from (4.96) expressed in terms of the Riemann tensor are

_ip (14 (=1)P*9) (V'Riem) T, VT VVT (4.111)
— ()1 + (-17") VT VYT T (V' Riem) (4.112)
—l—ip V2T VT (V'Riem)T, (4.113)
—i(—np*q VT VT (V'Riem)V,T (4.114)
+70(~1)P VT VT (V' Riem)VT; (4.115)

Note that when p + ¢ is odd, (4.111) and (4.112) are zero.

The compensation procedure is very lengthy, in the sense that, compensators introduced
are inducing back dangerous higher derivative terms in their equations of motion. It is then
necessary to re-compensate the compesators. Here we propose the compensating actions
such that that they produce the same equations of motion (with the same sign) as the dan-
gerous ones from the covariant action (4.95). Therefore, the covariant action (4.95) is to
substract all the compensating actions, to give non-higher-than-second-order field equation

for the mixed-field. We will ignore the safe terms and discuss only the dangerous terms.

For even p 4 ¢, we can introduce a compensator,

1
S47r:1[T(P+q=even)’g] _ _§p(—1)q/dD£L’/dD9dDX /__gngk %
xVT VVT VT T, Riem |, (4.116)

to give (4.111). That is to say, with the original action (4.95) minus this compensator,
(4.111) is cancelled. 7 counts the number of curvature terms in the action. However, (4.116)
produces simultaneously unwanted dangerous equations of motion from the mixed-field vari-

ation. They are!®

poT (VVVT) VT T, Riem | %p(Sf VT (V'VVT) T, Riem , (4.118)
—%p 5T VT (VVV'T) T, Riem . (4.119)

This is where compensations are again needed. Although it seems to be finitely achievable,

that a total of 21 compensating actions are found for even p+ ¢ in order to keep all the terms

15We note that by equations of motion or field equations, we mean

6S
6T (P:a)

=0 (4.117)

as the field equation for the field 79 obtained from the variation of the action S with respect to the
field T(9. Equating it to zero is understood. Similarly for the metric g. In order to be explicit with
the component of the field that the action is varied with respect to, as we will soon notice it is necessary

especially in the case for metric field equations, we often leave §(field) in the expressions.
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in the equations of motion lower than third order derivatives in the field and metric; this
is only a partial result from the side of 5&%, that is, variation of the action with respect
to the field 7. Notice that in the process of compensation, we have also simplified
the analysis in certain terms to express in only the exterior derivative parts (hence not
covariant). Therefore, additional dangers may appear after taking into account the respective
full covariant expressions. We will come to the variation with respect to metric after we state
the result of the 21 integrands of the compensators for even p + ¢, in which after the first

four, are all resultants from re-compensations:

~1p(-1)*VT VVT V'T T, Riem (4.120)
IpVT VVT V'T T, Riem (4.121)
~1p(=1)*V>*T VT V'T T, Riem (4.122)
L1y VT VT (V'T — ¢VT') (VT — ¢ VT;) Riem (4.123)
—2p* (1P V"T T,, V'T T, Riem? (4.124)
—Lp3 (=1)"T VT g™ (dR,)g" T, T, Riem (4.125)
~1p(=1)?dT VT dO'T T, Riem (4.126)
—1p* (-1)PdT vT ¢"R", T, T, Riem (4.127)
2 (=P T dT ¢*(VR™,) T,, T, Riem (4.128)
1pg(~1)PdT VT ¢"*R™, T; T, Riem (4.129)
1V T, V'T T, Riem’ (4.130)
—pdT VT 0'dT T, Riem (4.131)
—L2dT dT ¢ R, g T, T, Riem (4.132)
lpdT VT d9'T T, Riem (4.133)
—L2(—1)PdT dT g™ R, " T, T, Riem (4.134)
~L2dT VT ¢""R,,, " T, T, Riem (4.135)
tpdT vT gekﬁmk T,, T, Riem (4.136)
~lpgT VT ¢*(dR™,) Ts T, Riem (4.137)
L (1P VT T,, V'T T, Riem? (4.138)
— a5 (—1)" vT g"fl R g™ f}/ VT T, Riem , (4.139)

where ﬁnm = animxjé’i, R, = ijmé’ixj, ﬁmk = RmkjleXjIXjQ; and R™, := Rmki1i20i10i2,
all with curvature component. For odd p + ¢, the compensators required are only the first

four and last two out of this set of 21. The integrands above turn into actions, after inserting
them into [dPz [dP0dPx/=gg”~*.

From the mixed-field variation of the covariant action, the dangerous terms are mostly
due to higher derivatives in the metric. A significant difference with the literature is that

here for covariant mixed-tensor, not only that it requires more rounds of compensations, it is
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also manifested at the expense of two Riemann tensors, instead of one in the literature. This
is reasonable as the factors VVT and VVT in the covariant action each contains Riemann
curvature. We remark again that the four-derivative dangers only need to be compensated
once (4.123), while the third derivatives in the field equations are requiring more compensa-

tions, compensating the compensators.

Now we move on to the metric variation of the action. Let us rearrange the form of the
action terms to show explicit I', hence metric component g;; dependence. From the metric
part of VT in the covariant action (4.95), we get —p I'*T}. From the term V'V T, its metric

parts are
—pdr)T,, -T'V,T, qT'VTy;, —pT T, , —pqT'T™ T, , pT'dT, , (4.140)
where T := 0T, and i = Trig-iymys--j, 0 - - - 07 X7 - - - x%. While from V VT, there are
—pArYT,, -T'V,T, qT'VT;, —pT.T™T, , —pqU'T™ T, , pT'dT, , (4.141)
where I'Y = X’T'L,;- Note that (4.141) is a copy of (4.140) under exchange of xs and 6s.

From the action (4.95), for n = 1, we have 12 dangerous occurences, involving the

derivatives on metric and on the mixed-field, stated in integrand of the action:

—pT, VT (T'VVT) VVT , (4.142)
—pT, VT (T'VVT) VVT | (4.143)
p(=1)PT(ArVT) VT T, VVT | (4.144)
p(=1)Pr ((dI)VT) VT T, VVT , (4.145)
—(=1)" VT VT o,T (I'VVT) , (4.146)
¢(-1)"* VT VT dT; (T'VVT) , (4.147)
—p(=1)? VT VT I'"'T, (T'. VVT) , (4.148)
p(=1)P VT VT I T, (T"VVT) , (4.149)
—pq(—1)P** VT VT I'T,; (I"VVT) (4.150)
—pg(—1)P** VT VT I'""T, (T'VVT) (4.151)
—p(=1)!VT VT T, (dT*)VVT) , (4.152)
p(~1)PTI VT VT dT, (T'VVT) . (4.153)

There is as well another copy of the above 12 terms with y, # interchanged. Hence, results
in the following are to be multiplied by 2 wherever applicable. As was mentioned earlier and
intended, the terms have been written in connection coefficients that cause higher-derivative

danger on other terms.
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An explicit computation of (4.143) shows the danger of having third derivatives in metric,

1 , e o
Zp2 g™ 5g (0'ddg,) T,, VT T, VVT , (4.154)
1 ~ ~ ~ o~ ~

P g% g, (ddomg) T,, VT T, VVT , (4.155)
1 ~ ~ ~ o~ ~

1P’ (=1)""0g (0'dd"g) T, VI T,, VVT (4.156)

where g, := gmrjrX’ . Together from (4.143) and (4.145), when p + ¢ is odd, the dangerous
field equations are

1 e e
SP 9" 0g (9'ddg,) T, VT T, VVT (4.157)
1 ~ - o~~~

3P o 6gy (ddo™g) T,, VT T, VVT , (4.158)
1 ~ SO ~

P (-1)8g (0'domg) T, VI T, VVT (4.159)

while when p + ¢ is even, there is only

%pZ(—l)W 0g (0'do™g) T, VT T,, VVT . (4.160)

Following the spirit of [77], we hope for the compensators previously introduced which
have successfully and fully compensated all the dangers arising from gf,, to be able to com-
pensate the dangers from %. That is, when we vary our action (4.95) with respect to the
metric, the dangers (higher derivatives in the metric and the field) can be completely can-
celled by the results from metric variation of all the compensators. Besides that, the metric
variation of these compensators themselves should not induce further dangers. If they do, re-

compensations commence again, like what has happened in $2 ‘55 . We should be aware that the

08
5T

From S both higher derivatives in metrlc and field occur. We have resolved (to a certain de-

dangers from 22 are solely due to the higher derivatives in metrlc that require cancellation.

gree) the higher-derivative issue at Wlth the expense of a goood amount of compensators.

6S

If extra dangers should show up in 5y which means the previous compensators found from

the side of gs fail to fully cancel the dangers from , the computation gets cumbersome, as

there are two types of higher-derivative dangers to take care of, in the metric and in the field.

Here is an example of a set of dangerous terms worked out from the compensating action
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S' (4.116). The integrands are

—1p(~1P T, (T"VVT) VT T, Riem , (4.161)
—1p*(=1)T,, VVT V'T T, (T Riem) , (4.162)
—1p? ((dT™)VT) T,, V'T T, Riem , (4.163)
1 VT T, (dT™)V'T) T, Riem (4.164)
—ip(-1)? VT 8, T V'T T, (" Riem) , (4.165)
1pg(=1)» VT dTs V'T T, (I Riem) (4.166)
(-1 VT T, V'T T, (T, Riem) , (4.167)
Lp2(—1)? VT I T, V'T T, (I Riem) (4.168)
—p*q(=1)? VT I'"T,,5 V'T T, (T Riem) , (4.169)
—1p*VT T, V'T T, (dT"™)Riem) , (4.170)
1p?(—1)P VT dT,, V'T T, (T Riem) (4.171)
—1p?VT ¢*(TpPVVT) T, T, Riem (4.172)
—Lpg(=1P* VT ¢*(TPVVT) Ty, T; Riem | (4.173)
1 (-1)!VT VVT T,. T, ¢" (T} Riem) (4.174)
—1pg(-1)1VT VVT Ty, T, ¢" (T} Riem) (4.175)
—p(—1)? G X (AT )VT) VVT VT Ty (4.176)
—p(—1)? VT gouX*((dT*)VVT) VT T, , (4.177)
p(=1)? VT goux*(T¢VVT) VT T, T* (4.178)
p(=1)P VT (T*"VVT) VT T} gowx'TY | (4.179)
—p(=1)IVT VVT g x*((dT¥)V'T) T, . (4.180)

Out of the 21 compensating actions proposed for even p + ¢ case, for one of them (S'), the
resulting dangers are the 20 terms above. This looks unfeasible to tackle. Let us instead try

to study a more generic term, (4.146), as it exists independently of the prefactor p or g.

Before that, know that the Christoffel symbol

4 1
F;‘k = 59&(5}91& + Okgje — Ougik) (4.181)

has three different derivatives of the metric g, where the last ¢ is being acted upon with a
contracted partial derivative. This partial derivative will thus always cause higher derivatives

on the field and metric. For the Riemann curvature,

Riem = 2gu\“(dT?) + 2 g, T¢ Tk (4.182)
= —2ddg + 2 gou X T¢T" . (4.183)

Since the first term in Riem contains two derivatives of metric, it is a potential spot to

give rise to higher than two derivatives in metric, when it is hit by the contracted partial
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derivative in the connection. For instance, from the term I' Riem, varying with respect to

the metric in I'"" will give third order derivatives on the metric in term —2 ng in Riem.

A few useful computational notes are:

(1)
VVT = 0"x*0,,(ViT) — 0" .V, T
—q O™ kajlVkTil__ipng“_ijil LGy
= 0"\*0,,0,T — p Gmxkﬁm(Fiilemipjlqu)0"1 N L L
—0"\F T 0T 4 p 0"\ T T, 07T,
—q 0™y ’fr i X0 Ty + pq 07X Ty Tl 09X T
= ddT - 5p 0" X 0" R",,;, T, + p T'dT, — T*0,T
+q DYATs + pg 0™\ Ty, T 00X T
(2)

VIT = 0'T — ngkFZZ n — ngszzlﬁhfm ,

Varying (4.146) with respect to metric, all the possible dangers we get are
p(=1)P8g g™ (0'ddg,y) T,, VT VT O,T |
p(=1)P*5g (9°d0™g) T,, VI VT O,T ,
p(—1)P*15g, ¢ (ddomg) T, VT VT O,T ,

(=1)PT6g (8°ddT) VT VT O,T ,

N[ »Jkl»—t 4>|>—\ »Jkl»—t

with third-derivatives on metric. Note that only (4.191) is free of the prefactor p.

(4.184)

(4.185)

(4.186)

(4.187)

4.188
4.189
4.190
4.191

o~ o~ o~ o~
~—_— — ~— ——

Another generic term without the prefactor p or ¢ is from (4.123). From the variation with

respect to metric, we have

=

(—1)P*6g (ddO'T) VT VT V,T

2
Lp(=1)P*9§g g™*(ddd’gy) T,, VT VT V,T ,
—1p(=1)P*15g ¢*(ddo™gy) T, VT VT V,T
Ly(~1)P*5g g™ (ddd'gy) T VT VT V,T
—Lg(=1)"*5g g™ (ddd™gy) T, VT VT VT
%p og (8mdag) VT T, VT V,T ,
—1p(~1)"*"6g, g™ (ddd'g) T,, VT VT V,T
Lp(=1)"*4§g,, g™ (ddo™g) T,, VT VT V,T ,

where g, := g;0". Only (4.192) is without an overall p, q factor.
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We have found that (4.188), (4.190) and (4.191) (of (4.146) combined with (4.149) for
the connection part of V;) can be compensated by (4.193), (4.199) and (4.192) respectively.
(4.189) is cancelled by one of the dangerous terms given by (4.152). Thus, (4.146) and (4.149)
combined, are cured. The combination of (4.147) and (4.150) is also cured in a similar way,

which involves ¢ component part in compensator (4.123).

Intuitively, we expect that the metric field equations from (4.146) - (4.153) that contain
dangerous terms can be compensated by those from the compensator (4.123). The reason
behind the expectation is because (4.146) - (4.153) are the instances interplayed between
VVT and VVT in the action, like (4.123) which was proposed to cure dangers from g—;
arisen from derivative impact between VVT and VVT. After extensive computations
checking both sides to see if full cancellations happen, we found that (4.188), (4.190) and
(4.191) (of (4.146) combined with (4.149) for the connection part of V;) can be compensated
by (4.193), (4.199) and (4.192) respectively. (4.189) is cancelled by one of the dangerous
terms given by (4.152). Thus, (4.146) and (4.149) combined are cured. The combination of
(4.147) and (4.150) is also cured in a similar way, which involves the ¢ component part in
compensator (4.123). However, we are still left with 27 dangerous equations of motion for odd
p+q case ((A.1) - (A.27) in Appendix) and 25 for even p+¢q ((A.1) - (A.25) in Appendix) from
the side of the covariant action ((4.146) - (4.153)). Out of them, there are third derivatives
on metric and on the mixed-field, and one of them is a 4-derivative on metric. While from the
compensator (4.123), there are in total 9 dangerous equations of motion left, which contain
only third derivatives on metric (see Appendix (A.28) - (A.36)). The conclusion from here
is, dangers from (4.146) - (4.153) are not fully compensated. Furthermore, the compensator

(4.123) contains additional dangers.

4.6 Result and Discussion

Let us study the computational results from the covariant analysis in special cases:

Hp=0=g

This is the case of a scalar field m. The dangerous term from ‘;—i is (4.114), hence the
compensator needed is (4.123). From g—*gg, the dangerous term is from (4.146), hence (4.191).
This is compensated by the metric field equation (4.192) from (4.123), noting that V& = dr.

This has been proven in [23], [77]. The proof is as follows, presented in the graded formalism.

The scalar Galileon is
1 .
Snt1lm, gl = Sen — m/d[)x/dl)ﬁ dxv/=gg" "7 (VVn)", (4.200)

where the first term is the Einstein-Hilbert action. Varying with respect to the scalar field
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7, the following higher-than-second-order terms are resulted:
Vr(VVD)"?V2Vr , Va(VVr)"2VVVr, VaVr(VVr)"3VVVr . (4.201)

The first two are actually safe since V2V and VVV7 (= 62V7r) correspond to a curvature
tensor (second derivatives on ¢g) multiplying a covariant scalar field (first derivative on 7). For
a Levi-Civita connection on a scalar, VV7 = VVr. However, the third resultant in (4.201)
is indeed a higher-derivative danger in the field equation. The necessary compensation is

implemented via the coupling to curvature,
1
Spi1rlmgl = ——— /de/dDQdDX\/—ggD” X
’ (D —n)!
xVr Vr (VVr)" > (VaVir Riem)" . (4.202)

Therefore, as proven in [23], the full expression of the compensating action is

S[’N?g] = Z C(n+1,r)Sn+1,r[7Tag] ) (4203)

r=0
with Sy,410 1= Sp41 and coefficients given as

1\" n—1)!
Clntrm) = (_§> (n —(1 - 2r))!(r!)2 ’ (4.204)

where C(,410) = 1."% When (4.203) is added to the original action (4.200), we will have in

overall only up to second order field equations for both 7 and g.

(i) p=0,q # O:
This is the case of p-form!'”. The compensator is (4.123) for field equations (4.114) and
(4.115). The dangerous terms from metric variation are (4.191) and

1 e~~~
5q(—1)p+q 6g 0‘ddT VT VT dT;, (4.205)

which is extracted from (4.147). As mentioned in case (i), (4.191) is compensated with
(4.192), while (4.205) is cancelled by a same term from (4.123). For ¢ = 2, it reduces to the

2-form case proven in 78], noting that VB = d B, assuming a Levi-Civita connection.

The covariant action for a 2-form at 7 dimensions is

S,[B2 g] = / A"z / d0d"y\/—g VBVBVVBVVB . (4.206)

16 We have kept all the derivatives in the discussion as covariant derivatives,, although covariant derivative
of a scalar is equal to partial derivative of the scalar. We will make precise between covariant and partial

derivatives for the discussion on 2-form.
1"The convention used when constructing the covariant action (4.95) has rendered such correspondence.

Notion of p,q can be exchanged once the fields T, T are exchanged in the action.
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4  GALILEONS

Assuming a Levi-Civita connection implies VB = dB. The action becomes
S4[BO? g] = / A"z / d’0d"y /—g dB dB VdB VdB . (4.207)

The only higher-than-second-order term resulting from the variation of the action (4.207)

with respect to the 2-form field is
2dB dB dVVdB . (4.208)

It contains four derivatives, thus third derivatives on g. The compensation to introduce to
the action (4.207) is

S11[BO? g] = —Z / A"z / d'0d"x/—g H H H'H, Riem (4.209)

where Hy = Hy;, 1,060 and Hy = Hyj,j, X" x?2.'® A similar computation assumed as pre-
viously. We can form a curvature out of the four derivatives and the curvature is being

differentiated, multiplying d B.

(ifi) p # 0,4 = 0:
Let us take an example of p = 2 at 7 dimensions. This gives the action

S, [BRO g] = / A7z / d'0d"y /=g VBVBVVBVVB . (4.210)

Even though it is technically a 2-form B2, VB # dB. This is due to our anti-commuting
xs and fs. Compared to action (4.206), the fields B, B are swapped. The dangerous terms
incurred can be read off from the previous sections by setting ¢ = 0. This case poses certain
degree of complication if one attempts to fix the dangers. We will proceed to the discussion
of the most generic case later, to have a more general statement about the covariantization

of mixed-symmetry Galileon.

(V) p=q ¥V p,qg#0:
Despite T' = T, the field equations (4.111) - (4.115) do not simplify much nor cancel each

other. Covariantizing'® (4.80), we have

St [TPP) ] = ﬁ /dDa: / AP0 dPy gP VT VT (VVT)"! (4.212)
with k = (p+ 1)n + p. Let us take a simple example of n = 2. The dangers from g—? are
—2VT VVVT, VVTVT. (4.213)
'8A normalized totally anti-symmetric 3-form, H := dB, or equivalently H := dB is defined.
19 An action with the double covariant derivatives in VVT interchanged,
Spi1[TPP) g] = (Dik)! /dDa:/dDOdegD*kVTeT(6VT)”*1 : (4.211)

is just the same as (4.212) when x « 6.
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We can compensate these with the field equation §= 95 from the action
3 ~
Ss[TPP), g] = —p / APz / dP9dPy gP* VT VT T, Riem , (4.214)

where k = (p + 1)2 + p. We also manage to cancel the unwanted third derivatives on T
which result from 2 —g of (4.212), by utilizing the compensator (4.214). However, due to a
discrepancy of a factor 3 in the third derivatives on metric, which are resulting as well from
g—‘;, these dangers fail to be fixed altogether at this stage. More explicitly, the variation of
the action (4.212) with respect to the metric gives the following third derivatives,

Lp* g 69, (dd0™g) T, VT T, (
—1p? g 5g, (ddd'g) T, VT T, (
1p? g™ 6G,y (ddd'g) T,, VT T, (
—1p?¢"*5g (dd0™gy) T, VT T, (4.218
1p? g™ 5g (ddd'g,) Ty VT Ty, (
1 g"'0g (ddomgy) T, VT T, . (
They can be compensated by the compensator (4.214). The discrepancy of a factor 3 means

there are 2 additional copies of the dangers stated above which come from the compensator
itself.

Let us try to look into the possible cycle of compensation involving only the metric part

(thus not fully covariant at the moment). For one of the third-derivative

1 ~ o~
5P p* g% 5g,(ddo™g) T, VT T, | (4.221)

the following action (in its integrand)
; 2 ¢ dg, d0"g T, VT T, (4.222)
can fix (4.221). However it gives a third-derivative in g
ip?’(—l)” g" g"'dgy 6g T, (dd0™gy) Te T | (4.223)

when the third ¢ in (4.222) is varied and its derivatives d0™ hit the metric part of VT'. We

can fix (4.223) with an action in its integrand

Vo o~ s
9" 9" dgy dg T, 40" gy Ty T, (4.224)

However, (4.224) gives an equation of motion
1 - - L
P (=17 g" g dgy (d0™dg) Ty 0ge Ty T, (4.225)
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4  GALILEONS

that contains a third-derivative. Recall that for every compensating action introduced, their
field equations of g and T need to be checked for higher derivative terms. Naively but
straightforwardly, if we try to fix (4.225) with a compensator (in its integrand)

1 - ~ L
— ' (=1)¢" ¢ g, ddg T, 9" gy T T, (4.226)

the unwanted (4.223) is as well returned in another field equation of this compensator. This
cycle of inspection is played between a one-derivative and two-derivative ¢ in the action
terms. One ends up with (4.223) no matter how the derivatives attached to these relevant

gs are distributed to make a compensator.

For case (i) and (ii), the higher derivatives resulting from the field and metric equations
of motion both can be cancelled by the set of compensators found from compensating the
dangerous equation of motion of the field. On the other hand, for case (iv), in order to cancel

all the higher derivatives, more compensators will be required.

For the generic p,q case (p # q # 0), due to the massive number of dangerous terms
resulting from %, which are mostly higher derivatives in the metric, let us work on a subset
of the problematic terms, consisting the third derivatives in the mixed-symmetry field 7" and
inspect whether they can be compensated. Without simplification or factorization among the
terms, direct computation has shown 37 dangerous equations of motion ((A.37) - (A.73) in
Appendix) for compensators S (4.116), (4.130) - (4.137); 46 ((A.74) - (A.119) in Appendix)
from compensators (4.121), (4.124) - (4.129); and 3 ((A.120) - (A.122) in Appendix) from
compensators (4.122), (4.138), (4.139). Recall that third derivatives in T" from (4.123) have
been found to be fully compensated.

Since there is obviously no Riem term in the expressions from the action’s side ((4.142)
- (4.153)), we can safely exclude the checks on compensators that come with the explicit
Riem term. The result is, from (4.148), there is

1 ~ o~ ’ ~ o~
5P (-1)PVT VT IT™ T, ¢" 69, 0,,ddT , (4.227)
and from (4.151) and (4.153) combined, there is
1 ~ o~~~
P4 (-1)P*15g 9'ddT VT VT VT, , (4.228)

which have no compensating partners.

Therefore, at this order, apart from the set of compensators we have introduced previ-

ously for any 7% a larger number of compensators seem to be needed to cure the dangers
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5 QUASI-NORMAL MODES

5 Quasi-Normal Modes

5.1 Gravitational Waves

Let us begin with a review on the linearised gravity in general relativity. From the Einstein-
Hilbert action

1 4
SEH = m d I A/ —gR s (51)

we get the vaccum Einstein field equation,

1
G,uy = R,uzz - §gw/R =0 ) (52>

where the Einstein tensor, G, is symmetric. Contracting (5.2) with metric g"” gives R = 0.
Hence, the compact form of the vacuum field equation is R, = 0. Gravitational waves travel
in empty space as wave-like solutions of Einstein’s vacuum field equation R, = 0. Usually,

gravitational waves are discussed based on linearised Einstein gravity around flat spacetime.

Consider the curved metric g linearised around constant Minkowski spacetime 7,

Guv = N + h,uzz ) (53)

assuming the perturbation h,, to be small (h,, < 1). Thus, studying terms only linear in h

is a sufficient approximation. For the Christoffel symbol (Levi-Civita connection coefficient),

1 v
F#V)\ - 59»\ (augV)\’ + anlM’ - anlW) ) (5'4)
the linearised version is
1 .,y 1
T, = 5’7M (Ouhun + Oyhyn — Oxhyy) = 5(auhyA +0,h,) — 0 ) (5.5)

noting that @m’w = (0. The linearised Riemann curvature is

5R)\nm/ = aﬂ((srun/\) - a'/((srun/\) (56)
1
= 5(8#8,4@,’\ + 8,,8Ah,w - @L@’\h,ﬁ, — 8,,(9,.€huk) (5.7)
and the linearised Ricci tensor is
6R,, = —%(a#amj + 0,05h, — 0,0 hy, — 0,0, h) (5.8)
1
_ _5(—8@%“” +0,V, +9,V,) , (5.9)

where h = b} and V), = (%hu’\ — %auh. Therefore, the compact form of linearised vacuum

field equation, 0R,, = 0, is given by
O*Ozhy, = 0Oh,, =0, (5.10)
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under harmonic gauge® V,, = 0 [84]. By (5.8), the linearised Ricci scalar curvature is found
to be

1
R = _577””(8#8)\}%/\ + aua)\h/f\ o a)‘aAhNV - aﬂa’/h) (511)
— Oh— o', (5.12)

The linearised vacuum field equation becomes

1
0 = 6Ru — 30w OR (5.13)
= Oh,, , (5.14)

where redefinition h,, = h,, — %T]Wh has been used, and with the condition that 9*h,, = 0.
This condition is knowns as Hilbert gauge [85]. The solution for the wave equation (5.14) is

k0" with symmetric amplitude A, and ko = kix'—wt with

plane wave solution, h,, = A€
frequency w. In this case, the wave vector k, is null, that is, the plane wave solution holds
only if the wave vector is light-like with respect to Minkowski metric, n**k,k, = kK, = 0.

Therefore, a gravitational wave propagates on Minkowski spacetime with the speed of light c.

For the linearised Einstein field equation with energy-momentum tensor 7),,, we have
Oh, = 26T, , (5.15)
where Kk = 82—4G with G the Newton’s gravitational constant?'. Note that the energy-

momentum tensor does not comprise gravitational wave [85]. Gravitational wave is encoded
in the geometry of spacetime, namely in the Christoffel symbols. Known in astrophysics,
stars end their lives by supernova explosions, leaving behind a compact remnant, which can
be a black hole or a neutron star, oscillating in first few seconds. Loss of energy from this
source is carried away in gravitational radiation, thus the oscillations will damp out. In the
far-field approximation, gravitational wave field is determined by the quadrupole moment

Q" of the source, which in specific is the energy density 7,

QM (t) = /d3FTOO(xO = ct,7) a2’ (5.16)
where 7 = (2!, 2%, 2%), r = |F] is the distance taken from the origin of the source T}, # 0.
The linearised field is 2
d r
e = QT 7
(ct, ) drre?  dt? c (5.17)

It can be viewed as a superposition of the plane wave solution propagating in radial direction.

Linearisation can be done similarly around a curved background metric, ¢(*) as

Guv = g;(g/) + h,uzz ’ (518)

20The harmonic gauge is also called Hilbert gauge.
21The metric convention is 7, = diag (—1,+1,+1,+1).
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assuming second and higher order in A, be negligible. The linearised vacuum field equation
is

0=0R,, =V,(T,7) = V,(0I,°) . (5.19)
In this work, we have mainly worked on the background metric which is a spherically sym-

metric and static spacetime, with linear perturbations which are time-dependent (non-static)

and not spherically symmetric.

5.2 Perturbations of Spherically Symmetric Black Holes

In the emission of gravitational waves, the frequencies of the oscillations are quasi-normal,
that is, complex, in which the real part of the frequency is the actual frequency of the os-
cillation and the imaginary part represents damping [28|. Gravitational radiation from an
oscillating black hole exhibits characteristic frequencies, the quasi-normal frequencies, which
are independent of the cause of its oscillation. Therefore, quasi-normal modes contain the fin-
gerprint of the black hole, namely, the mass, charge and angular momentum that parametrize
the black hole. The wave equation for the Reissner-Nordstrém black hole is similar to that
of Schwarzschild [86] (its quasi-normal modes calculated for instance in [87]), while for Kerr
(its quasi-normal modes first determined by [88]) and Kerr-Newman black holes (spectrum
studied in restricted case in [89]), the wave equations are much more complicated to solve.

The catch is to be able to separate the wave equation into radial and angular parts.

Let us focus on the case of the spherically symmetric and static black hole in some

gravitational theory. The spherically symmetric background metric is
ds* = gfg)dm"dm” = —F(r)dt* + K(r) dr®* + r*(df* + sin*0 dy?) , (5.20)

hence it makes up the perturbed metric (5.18). For Einstein’s general relativity (GR),
the solutions are, F(r) = 1 — 2L and K(r) = (1 - %)71, where Newton’s gravitational
constant G' and speed of light ¢ have been set to unity. Subsequently, we have the perturbed
Einstein tensor, dG,, = 0. Decomposing h,,(t,7,6, ) into tensor spherical harmonics Yy,
and substituting them into the linearised vacuum field equation, that is G, = 0, the
perturbation problem can be reduced to a single wave equation, using

Ut 0,0) = Venlr:l)y, (6.0) . (5.21)

r
Lm

which is a product of radial and angular components [28]. The function ¢, (r,t) is a com-
bination of the components of h,,. There are two decoupled families of perturbations, one
is called axial perturbation where its spherical harmonic with ¢ transforms like (—1)“*!, and
another type is called polar perturbation which transforms like (—1)¢, when § — 7 — 6 and

@ — m+p. Subscript m is not important here as we are dealing with a spherically symmetric
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spacetime, thereby it can be omitted. The radial part of v, satisfies the wave equation

0? 0?
vt () ) ve=0, (5.2
where tortoise coordinate
r
re =7+ 2Mlog <W - 1) (5.23)

for a black hole of mass M, with the effective potential barrier known as Regge-Wheeler

potential [90] y oMY\ [L(f+1) 6M
M:(l_ )( - ) (5.24)

r r2 r3

for the axial perturbation; for the polar perturbation, it is with the effective potential

(5.25)

2MY\ [ 2n*(n+ 1) + 6n*Mr? + 18nM?r + 18M°
Vi(r) = (1-

r r3(nr + 3M)?

known as Zerilli potential [91|, where 2n = (¢ — 1)(¢ + 2). By using an ansatz specific to

quasi-normal modes,

elt, ) = / do ey, | (5.26)

we can obtain a time-independent ordinary differential equation, the Regge-Wheeler equation
d2

e+ (W = Vilr))ie =0 (5.27)

with effective potential (5.24). The same form of equation applies for Zerilli potential for
polar perturbation. The potential V;(r,) decays exponentially near the horizon (r, — —o0)

and decays as 7,2

as 7. — +0o. There are a few important remarks, despite of (5.27)
showing similar form of a Schrédinger equation: the frequency w is quadratic in this wave
equation and r, ranges from —oo to oo, physical boundary conditions are to be imposed
on 1. Monopole perturbations (¢ = 0) and dipole perturbations (¢ = 1) do not describe
gravitational waves in general relativity, hence usually we study quasi-normal modes starting

from ¢ = 2 mode.

There are two intrinsic characteristics of the quasi-normal modes (QNMs). First, they
are the solutions of the time-independent sourceless wave equation with complex frequency
w = Wg + iwy, where wg gives the frequency of the mode and w; € R, that satisfies the
physical boundary conditions: purely outgoing waves at infinity and purely ingoing waves at
the horizon [92], [93], [94]. Due to (5.26), the proper behaviour for the radial part of the wave
g is: 1y goes as e as r ~ 1, (ingoing at horizon), and as €™ when r — oo (outgoing at
infinity) for the QNMs, where 7, is the radius of horizon. Second, indication of (in)stability
of the QNMs can be judged from the factor e=“! = ¢~™rfevrt in the decomposition (5.26).

The imaginary part, w; signifies exponential damping if it is negative, that is, when

wy = —% (<0) (5.28)
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where 7 is the damping time. Plug this into the factor e~ we get e~r. Perturbations
decay exponentially with time. Therefore, a negative w; represents a stable mode. Vice
versa, a positive w; will correspond to an unstable mode. As it happens with Schwarzschild
black hole, literature [95] has shown that it is (mode) stable against linear perturbations, as

wy’s found are strictly negative, given in the following table,

(=2 (=3 (=14

0.37367 —0.08896¢ | 0.59944 —0.09270z | 0.80918  —0.09416¢
0.34671 —0.27391: | 0.58264 —0.28130: | 0.79663 —0.28443:
0.30105 —0.47828; | 0.55168 —0.47909: | 0.77271  —0.47991¢
0.25150 —0.70514z | 0.51196 —0.69034: | 0.73984 —0.68392:

wlo|l—lo|s

This table shows the first four QNM frequencies (wM) of the Schwarzschild black hole
in natural units, multiplication by 27 x 5142 Hz x M /M gives conversion into Hz, where
M, is solar mass. For example, when M = 1M, w is roughly 10 kHz + i(1ms). For GR,
Waxial = Wpolar- QNM frequencies from axial and polar perturbations are approximately the
same in general. The number of modes n is infinite for each ¢ [96], [97], [98], [99]. The real
part of the frequency is highest at the fundamental mode n = 0. Typically, the real part
is constant with increasing n. Meanwhile, the imaginary part is more sensitive, increasing
proportionally (rapidly) with n, thus is much quickly damped. Numerical simulations have
shown that fundamental modes with ¢ = 2, 3 are easier to excite by most astrophysical rele-

vant perturbations such as the black hole mergers.

The leading order of the decay is typically determined by the slowest damping, found
at the fundamental mode n = 0. Equivalently, the late-time dynamic of the black hole
perturbation is controlled by the fundamental mode, which is with the smallest imaginary

component wy, that is, having the largest decay time 7 [100].

Roughly speaking, from the quasi-normal mode found numerically, we can infer its damp-
ing time as in (5.28). Together with the detected frequency, parameters of the black hole

can be estimated. In practise, this certainly depends on the signal to noise ratio.

5.3 Framework within Einstein-Gauss-Bonnet-dilation Theory of

Grayvity

In this work, we consider an alternative theory of gravity, which is a modification to the
Einstein-Hilbert action with higher curvature terms and a scalar field. The modification
with curvature tensors of higher order can be seen as a stringy correction. The Einstein-

Gauss-Bonnet-dilaton (EGBd) gravity action is given by [101]

1

Seaed(g, @) = T6-C

d*zv/—g (R — %8,@ oMo+ iaeqﬁRéB) , (5.29)
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where ¢ is the dilaton field (scalar) and « is a coupling parameter. Dilaton field is present in
the bosonic sector of the superstring theories, and is in the low-energy limit of the superstring

actions, that is, the supergravity actions. The Gauss-Bonnet invariant is
RéB = R;waprjUp - 4R;WR’W + R2 . (530)

The Gauss-Bonnet term is topological here in four dimensions, thus it has no influence on
the local dynamics. However, in the EGBd action (5.29), since it is coupled to the dilaton, it
is no longer a topological term. The first term in the Gauss-Bonnet invariant is also known

as the Kretschmann invariant. The two field equations from this theory are [102]

1 1 1
G =3 <8u¢ 0 = 5900 ap¢> = 70 (Hu +4(0°¢ 076 + 0°0°0) Pypo) , (5:31)

where Einstein tensor, G, = R, — %Rgu,,,

1
H,, =2(RR,, — 2R,,R’, — 2R, pe R + R,porR,”*) — 3 9 Rep (5.32)
and
1 1
Puupo‘ = Ruupo‘ + guaRpu - g,upRO'u + gupRau - gVURpu + EgungVR - §guongR ) (533)
and )
Vi = Zae‘bRéB , (5.34)

which is the dilaton field equation. Note that all the field equations, for metric and dilaton
are second order. As one sees, the modified Einstein tensor (5.31) is a lot more complex, as
it involves the correction part to the standard Einstein’s gravity, which shows on the RHS of
the field equation. Setting coupling constant a and scalar field ¢ to zero gives the standard
Einstein tensor that is zero on the RHS of (5.31). According to the analysis in [103], the

dilatonic black hole solutions cannot exist above a critical value, implying a/M? ~ 0.691 [27].

Let us now discuss the analytical procedures. They were done using Maple, a software

for symbolic calculations. We consider a spherically symmetric background with metric

ds? = gOdatda? = —F(r) dt* + K(r) dr? + r*(d6* + sin0 dp?) . (5.35)

w
As discussed earlier, we begin by perturbing the metric

Guw = 90 + s (5.36)
In addition, dilaton field is as well perturbed,

¢ = do(r) + 69 , (5.37)

where ¢o(r) is the background scalar field. We are going to study the axial and polar per-

turbations, in which the polar case is much more complicated than axial’s.
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(i) The 10 bases of tensor spherical harmonics in the order of (¢, ¢, 7, 0) needed are [104]

85

Yem(0,0) 0 0 0
0 00 0
(Go)em = 0 00 0
0 00 0
0 Yim(0,) 0
(@) 1 0 0 0
VI | Yim(6, ) 0 0
0 0 0
0 0 0
o _ oo 0 0
100 Yim(8,9) 0
0 0 0
0 &p}/gm(e, 90) 0 %}/ém(ea 90)
iymg 0 0
n(g) A V4 ( 7()0)
0 0 0
ZYun (9, ¢) 0 0
0 0 0
0 Yem (0, ¢) 0
n(l)r
0 8¢}/£m(97 SO) 0 agnm(07 90)
0 Yim (0, ) 0
0 0 0
im(f)TQ 0 —sin?0 Wi (0,0) 0 Xpn(0,0)
V2 0 0 0
0 Xom (0, ) 0 Win(0, )
0 0 0 0
1 , |0 sin®0Y,,(0,¢) 0 0
m=—=T
Im="75" 1o 0 0 0
0 0 0 Yn(8,¢)
0 —sin 6 Yo (0,0) 0 52 Yim(0, )
—sin 0.2 Y (0, ¢) 0 0
0 0 0
52 Yom(0, ) 0 0

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)
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0 0 0 0
- iz’n(ﬁ)r 0 0 —sinf &Y (6, ¢) 0
tm V2 0 —sinf %ng(e, ©) 0 SiiG%ng(e, )
0 0 mi@%nm(e’ 80) 0
0 0 0 0
1 —sin 6 Xy, (0, —sin 0 W, (0,
dém _ E zm(ﬁ)rQ 8 sin OZ ( SO) 8 sin ‘/Igg ( 90) :
0 —sinf Wy,(60,p) 0 SiﬁXgm(O, ©)

which are 4 x 4 matrices, where

Xem (0, ¢) =2 <

and
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me(ea 80) = szm(Qa 90>

o2
00 0p

Yo (0, go)) — 2cot 0 (%Yzm(e, go))

_ cos 02 Yim (0, ) B %zYem(@,@)

sin 0

The complete axial perturbation can be written as

sin’6

(hﬁm(ta r, 97 (p))axial = (CO)Em(QO)Em(ta T) + C@mQém(ta 7a) + d@mDEm(ta 7“) )

while for polar perturbation,

(hem(t, 7,0, @))polar = (a0)em(A0)em(t; 1) + (a1)em (A1) em(t,7) + Qom Apn(t, 7)

+(b0) em (Bo) em (t, 1) + bem Bem (t, 1)
+g€mem<t7 T) + f@mFEm(ta T) .

The coeflicients are defined as

(Qo)em(t,r) =

iV2 ((ho)em(t, 7)) axial
n(0)r
iV2 (A1) (t, 7)) axia
n(0)r
i((h2)em(t;7))axial
V2m(l)r?
2 Ny (t,7)F (1)
—V2 (H)om(t,7)
—2 Ly (t,7) K (1)
V2 (ho)em (t,7)
n(0)r
V2 (h)em(t, 1)
n(0)r
V2Vi(tr)
m(()

V2 (U + D)V (£,7) — 2 Toma (£, 7))
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(5.47)

(5.48)

(5.49)

(5.50)

(5.51)
(5.52)
(5.53)

(5.54)

(5.55)
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Functions F(r) and K(r) are of the g4 and g, components in (5.35). With all these co-
efficients, the axial perturbation (5.50) and polar perturbation (5.51) - (5.53) are better
simplified.

(ii) Next, we impose gauge-fixing by ((h2)em(t,7))axian = 0 for axial perturbation. For polar
perturbation, the gauge Vi, (t,r) =0, (ho)em(t,r) = 0 and (A1) (t,7) = 0 is used, which is

numerically more stable.

(iii) We have used Maple to construct the perturbations of the metric (5.50) - (5.53), decom-
posed in temporal and angular parts. The metric (5.36) used to lower and raise indices has

now become a complicated mixture of functions and spherical harmonics

(iv) We run the simplifying routine to calculate the corresponding Christoffel symbol, Rie-
mann curvature, Ricci tensor and Ricci scalar, using metric (5.36). The highly complex
vacuum field equation, namely the full Einstein tensor G, (LHS of (5.31)) which is a sum
of static and perturbed parts, is better handled with the use of a computer software like
Maple. Note that H,, = 0, after calculations.

(v) On the other hand, dilaton perturbation is only relevant to the polar perturbation (de-
noted as “pol” in the subscript). From (5.37), we have

¢ = ¢o(r) + (0¢1)pot(t, 7)Yem (0, ) - (5.64)

Useful basic identities for the simplification routines of the equations are

cos @ %ng(e, v) 0? a%zyém(g» ©)
— - —Y, - = 1)Y, .
<ind 902 Zm(ev ()0) sin2o E(ﬁ + ) fm(ea 90) (5 65)
o2
wnm(07 90) - _m2 }/Zm(ea 90) (566>
a—2Y 0,0) = — ! (02sin?0 Yy, (0, @) + £sin®0 Yy, (6, )
002 tm\U, P) = sin29 tm\U, P m\V, @
+cos 0 sin GEY 0, ) + a—2Y 0,¢)) (5.67)
89 ﬁm ) 90 a¢2 Em bl 90 M
o . :
8_g02Y£m(0’ QO) = _£2SID29 }/Zm<07 @) - 2811126 }/Em(ea 90)
—cosfsin 02y, 0, ¢) — in298—2Y (0, ) (5.68)
cos s a0 tm yP) — 8 902 tm ) - :

(vi) Extract all the components from the two perturbed field equations, that is, the modified
Einstein tensor and dilaton equation, separately for axial and polar perturbations. Simplify

and manipulate among them.
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5 QUASI-NORMAL MODES

(vii) Find the independent components and thus obtain the most minimal set of ordinary dif-
ferential equations (ODEs), after letting hg,, (t,7) = € “*hy,,(r), and the same decomposition
for all the functions of (¢,7). The results are cross-checked with the Einstein’s Schwarzschild

case with its known values of F(r) and K (r), with coupling o and dilaton field ¢ set to zero.

(viii) A single ODE as (5.27) can be obtained by substitution and reparametrization. The

expression is very complex. However this is not of our particular interest.

The subsequent step after having the minimal set of equations is analyzing the equations
with the proper boundary conditions as mentioned in Sec. (5.2). From e~*" for the radial
part of the ingoing wave, concerning the imaginary part of the frequency, if w; < 0 (which
corresponds to a stable mode), we see that e“/™ — oo when r, — —oo (towards the horizon).
At the infinity, where r, — 0o, e "™ — oo as well. Therefore, for a stable QNM, the radial
part of the wave diverges at both horizon and infinity. At the spatial infinity, dilaton field
vanishes and spacetime is flat. Boundary conditions are analyzed from both limits, at the

horizon and at the infinity.

Two solutions are generated. One to satisfy the boundary conditions at the horizon and
another solution to satisfy the boundary conditions at the the infinity. The two solutions
are studied at some intermediate point, typically at about r ~ 4ry, [100]. These solutions are
only matched at this intermediate point, if the w is a quasi-normal mode, which means the
function and its derivative are continuous. This is the method in searching for quasi-normal

modes.

The numerical technique used is “Integration of the Time Independent Wave Equation”
technique [28]. For the data of this work, see reference [46] in [100], which was performed
using package COLSYS [105].

5.4 Discussion and Conclusion

As discussed in Sec. (5.2), the Schwarzschild spacetime is linearly mode stable. Its funda-

mental £ = 2 QNM mode has the frequency Mw) = Mwp(s) + iMwy(s), where
Muwg) =~ 0.3737 — 0.088967 , (5.69)

as in the Table in Sec. (5.2). On the other hand, the fundamental scalar mode has the
frequency Mw(gy ~ 0.4836 — 0.096767, where M is the black hole mass (reference [46] in
[100]).

Let us discuss the results using the figures.
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Figure 1: Real (left) and imaginary (right) part of the gravitational axial / = 2 fundamental
mode, normalized by the Schwarzschild limit (5.69), as a function of the finite-coupling a/M?.

In Fig. (1), the behaviour of the axial mode is smooth in most of the range of the
coupling. Small deviations from the Schwarzschild values are observed. QNMs get very
sensitive with the dependence on the coupling constant, as the critical value a/M? ~ 0.691

is approached [100].
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Figure 2: Real (left) and imaginary (right) part of the polar ¢ = 2 fundamental mode, for

the gravitational-led (red line) and scalar-led modes (blue dotted line), as a function of the

coupling constant ar/M?  normalized by the Schwarzschild values.

For the polar case as portrayed in Fig. (2), deviation from general relativity is larger
compared to the axial case. Since the dilaton is coupled to the polar perturbations, there
are two family modes, one is gravitational and another one is a scalar driven mode. Setting
a to zero, the gravitational mode is reduced to the QNM of Einstein’s Schwarzschild black

hole, while the scalar mode reduces to the QNM of a test scalar field on a Schwarzschild

metric [100].
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5 QUASI-NORMAL MODES

Deviations of the fundamental QNMs of an EGBd black hole from those of a GR’s black
hole are at most of a few percentage. Higher multipoles (¢ > 2) have been investigated. Most
importantly, there are no unstable modes found in the domain of existence of the static EGBd
black hole, which means that the black hole is linearly mode stable. The spectrum of the
EGBd quasi-normal modes is discrete, as in the spectrum of GR (Table in Sec. (5.2)).
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6 GENERAL CONCLUSION

6 General Conclusion

In this thesis, we start our discussions with deformations of a mathematical structure in
generalized geometry, a Courant algebroid in particular, with a non-O(d, d)-invariant, non-
symmetric map G, in a way that consistently preserve the Courant algebroid axioms. This
map G contains a symmetric Riemannian metric and a 2-form Kalb-Ramond field, thus
resulting in the structure of a torsionful metric connection which generalizes the Koszul for-
mula. Using this connection, we compute its curvature and then the Ricci scalar, where
indices are raised and lowered with the symmetric metric. On the other hand, there is a par-
ticular graded manifold which is known to correspond to a Courant algebroid. We performed
similar deformations on this graded structure, carefully satisfying the identities. We found
an additional piece of information — a Weitzenbock connection which is curvature-less. In
another graded approach, we have also materialized explicit curvature term to contain in the
graded structure. Given a connection, it is straightforward to compute to obtain the Ricci
scalar and to write down an Einstein-Hilbert-like action. Our approach leads to closed string

effective action without any stringy computations.

Another way to apply the mathematics we have learnt is to utilize the graded variables of
graded geometry. Instead of doing tricks on the structures or axioms, we use the graded ob-
jects to help us define compact notations where we apply them to construct Galileon actions.
We started with reformulation of the known Galileon actions in this compact formalism and
then easily generalized these actions to coupled systems. Galileons (scalars and p-forms)
in the curved spacetime are found to be coupled to curvature, to give only up to second
order field equations, which means the theory is safe from ghosts. The Galileon theory can
be viewed as a modified gravity theory, where the modifications are implemented through

higher curvature terms.

In the last topic of the thesis, we look into another modified gravity theory — the
Einstein-Gauss-Bonnet-dilaton theory, where gravity is modified with addition of curvature
terms in second order. For this work, we shift our focus to the solutions beyond the theory.
The physical motivation of studying the solutions is apparent, which in our case is the
gravitational wave emission from the black hole solutions in this theory. Specifically, we
are looking at the quasi-normal modes in the gravitational wave, where information of the
source can be learned, and hence in our case justifying the existence of black holes in the
universe. Furthermore, together with observations, such analysis is able to take us one step

further towards the ultimate theory of gravity.
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A Appendix

Here we state the list of higher derivative terms resulted from the computations, where sim-

plifications may be possible.

From (4.146) - (4.153), for any generic p, g, the 25 equations of motion that contain dangerous

terms are:

L2 (-1 VT VT I'™ T, ¢** 4g,, (9'ddgy) T, (A1)
1?2 (-1 VT VT I™ T, g* 6gp (0,,d8"g) T, (A.2)
1?2 (~1)P VT VT I™ T, g* 69,00 (0°ddg) Ty, (A.3)
12 (1)’ VT VT I'™ T, 6g,, (8'dd*g) T; (A.4)
Ip(-1)" VT VT T™ T, " 6gp (9,,ddT) (A.5)
Ip(-1)? VT VT I™ T, 6g,, (0'ddT) (A.6)
Lp2q (=171 g™ §g (8'ddg) T,, VT VT VT, (A.7)
1p2q (~1)P* g% 5gp (9™ddg) T,, VT VT VT, (A.8)
spa (—1)"*16g (9'ddT) VT VT VT, (A.9)
4pq( 1)! VT VT T, 5g (d8‘0™g) VT, (A.10)
P2 (=1)!VT VT T, T™ 6g (d0"0,.g1) ¢ T;, (A.11)
P (=1)IVT VT T, T g (dd'dg,i) ¢** T, (A.12)
—ip (—~1)!VT VT T, T™ 6g (d0°9"g,,) T; (A.13)
1?2 (-1 VT VT T, ™ égp (dd*dg,,) ¢ T; (A.14)
—1p? (=1)1VT VT T, 5g (dd*dg,) g™ VTy (A.15)
~ 12 (1)1 VT VT T, 6gs (d0"dg) ¢ VT, (A.16)
—1p?(=1)1VT VT T, 6g (d9'dd*g) T, (A.17)
—1p? g™ T, VT 5g (3'ddg,) T,, VVT (A.18)
12 g% T, VT dgp (ddO™g) T,,, VVT (A.19)
1?2 T, VT 6g (9'do™g) T,, VVT (A.20)
—1pT, VT ég (8'ddT) VVT (A.21)
— 12 ¢" T,, VT égp (9™ddg) T, VVT (A.22)
— 12" T, VT 6g (9"ddgy) T, VVT (A.23)
1?2 (~1)P*15g (9'd0™g) T, VT T,, VVT (A.24)
—Ip(1+ (=1 T, VT 6g 8'ddT VVT . (A.25)

In addition to these are
1p* g™ 6g (0'ddg,y) T,, VT T, VVT (A.26)
30° ¢"6ge (0"ddg) T, VT T, VVT (A.27)
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for odd (p + q) case.

The 9 remaining dangerous field equations from the compensator (4.123) are:

pég (9™ddg) VT T,, VT V,T (A.28)
~lq(-1?V'T VT VT T; 5g. ¢* (9,ddg) (A.29)
lg(-1)? VT VT VT T; 5g, (9"ddg) (A.30)
—%q2 (—1)P*94g (daﬁegk/) g TE VT VT 61}; ( )
1 (~1)"*5g (ddd*gy) ¢ T; VT VT VT; (A.32)
%q (—1)P*4g (daaggk/) gkkl TE VT VT VT ( )
—lg(-1)r16g (ddd*g,) " T; VT VT V'T (A.34)
%pq2 (—1)P*6g (daaég) T, VT VT™ VT ( )
Ipg? (~1)P* g™ VT VT &g (9*ddg) Tis VT, . (A.36)

The 37 dangerous field equations from compensators (4.116), (4.130) - (4.137), which contain
third derivatives in the field T®% for even (p + q) are:

—%pQ (=1)PT,, o0g (OmdaT) VT ffg Riem ( )
—1p* g (8mdaT) T,, VT T, Riem ( )
_i VT T, 0G gmml (d&@ff) T, Riem ( )
1—11102 VT T,, 6g (damaff) f’g Riem ( )
L2 VT ¢* 6gy ¢ (d0pdT) T, T; Riem (A.41)
12T ¢" 6y (40"dT) Ty, T, Riem (A.42)
1Pq (—1)71 VT g ogi g™ (dag/aT) f}; T, Riem ( )
—1pg (=1)"M VT ¢ 5gp (d0"dT) T; T, Riem (A .44)
p(~1)IVT VVT ég (ddo‘T) T, (A.45)
(1) VT T* gowx 0gm ¢ (5ddT) V'T T, (A.46)
~1p(=1)?VT guwx" T{ 6g (9*ddT) V'T T, (A.47)
—1p?8g (ddd“T) To V'T T, Riem (A.48)
—1p* VYT Ty 5g (ddO'T) T, Riem (A.49)
—%p dT VT Jaar X" I‘Z, Sgw g~ (d&@gf) T, ( )
1pdT VT guwx® T 8g (9"d0'T) T, (A.51)
—spdT VT T goux® 6gm g™ (akaaff) T, ( )
—%p dT VT T* Gaar X* OGem g™ (daaff) T, ( )
W’ (=17 6gk ¢* (9,ddT) dT ¢"" Ty T, Riem (A.54)
—%pz (—1)?dg (amafﬁf) dT ¢ T, T, Riem ( )
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—1p? (~1)?dT bg,, (9"ddT) ¢ T» T, Riem (A.56)
§p2 (—1)¢ dT og (8m8e/dT) g™ Ty f’g Riem ( )
07 0 ¢* (6,,ddT) VT ¢"™ T, T, Riem ( )
—%pQ 0g (0m0[df) vT g™ Ty T, Riem ( )
~1p2dT 6g,, (9"ddT) ¢'™ Ty T, Riem (A.60)
=’ dT bg (0" d0,,T) ¢"" Ty T, Riem ( )
~1pg™ 6g,, g™ (8,ddT) VT Ty T, Riem (A.62)
ip %" g (EyﬁdT) VT Cfg/ fg Riem ( )
—1pg g™ 59, g™ (9ddT) VT T; T, Riem (A.64)
1pg g™ dgy (9°ddT) VT Tj; T, Riem (A.65)
~ipag" T VT bg, g (dd0,T;) T, Riem (A.66)
}lpq gt T VT oGy ('&da‘f’@,) T, Riem ( )
—1pgg™ T VT Ty 6g,, g™ (ddO,T,) Riem (A.68)
ipq gzk T VT ’_ZN“Z, 0gx (adaf’ﬂ) Riem ( )
~1p?6gk ¢ 9" (0,,ddT) AT T, T, Riem (A.70)
—}Lpz 5g g™ (amaf’&T) dT T, T, Riem ( )
—1p*dT bg,, ¢ (8"ddT) Ty T, Riem (A.72)
L2 AT 8g ¢ (9" d0,,T) Tv T, Riem . (A.73)

From compensators (4.121), (4.124) - (4.129), the 46 field equations which have field 7®4)

in third derivatives for (p + ¢ = even) are:

1p*T,, 6g (0"ddT) V'T T, Riem (A.74)
}lpZ (—1)4 vT T, 6Gm g™ (d&aﬂf) T, Riem ( )
—%p2 (—1)? VT T, og (dama’ff) T, Riem ( )
—1p* (-1)" VT ¢" 3Gy ™ (dd0,T) T}, T, Riem (A.77)
iPQ (1)1 vT ga’ dge (daakT) fk T, Riem ( )
—%pq (—=1)? vT gw ogp ghh/ (d&a@T) ’_:lv’ﬁ T, Riem ( )
lpg (1P VT ¢* égp (ddd"T) T, T, Riem (A.80)
—pVT VVT 6g (dd'T) T, (A.81)
VT gowx" T 6g (9°ddT) V'T T, (A.82)
—IpVT T* guux® 8gm g™ (8,ddT) VT T, (A.83)
2% (~1)? 6g (ddd*T) Ty V'T T, Riem (A.84)
Zp* (—1) VT T, g (d&@ef) T, Riem ( )
Lp? (—=1)7dT T, 0guw ™™ (ddO'T) T, Riem (A.86)
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—in (—1)4 dT T, og (amdaff) T, Riem
1p(—=1)7dT VT gowx" T dgw ¢ (dd0'T) T,
—1Ip(=1)?dT VT gowx" T 8g (9"dO'T) T,
Ip(=1)PdT VT TF gouX® 6gm g™ (0,d0'T) T,
~1p(=1)PdT VT T* g,ux® dg;, (0% dO'T) T,
%;p3< 1) g™ ogy, g (dd3 ) VT T, T, Riem
—1p? (=1)7¢"™ 6g (40" 0,,T) VT Ty T, Riem
1P (-1)'T VT g™ égi ¢ (dd0,Ty) T) Riem
—1p* (=1)!T VT ¢ 5g (d0"0,,T») T, Riem
i’ T VT Ty g 6g;, ¢" (dd9,, T;) Riem

_l ST VT Ty g™ 5g (do”0,,T;) Riem

ip (=1)? ¢* 6G, g™ (dd8,T) VT Ty T, Riem
—1p? (=1)? g* 6gi (dd0"T) VT T, T, Riem,
1p? (—=1)PdT g* 6g,, g™ (ddO,T) Ty T, Riem
—ip° (—1)PdT g™ 5§k (ddo'T) Ty T, Riem
—iPQ (=1)2 g* 6Gm g™ (&dakf) dT T, T, Riem
1p? (=1)? g** 6g, (ddO"T) AT Ty T, Riem

1p? (-1)P T dT g™ 6, g™ (ddOyTy) T; Riem
—1p? (=1 T dT ¢* 6g (ddd*Ty) T, Riem
L T dT Ty g™ 6G g™ (ddO,T,) Riem

—1p2 T dT Ty ¢"* 5, (dd0"T,) Riem

12T T™ g% 6g, ¢ (0,,00dT) To T, Riem

w’ TT" g% Sgis, ¢" (8,,ddT) T T, Riem
12T T ¢* 6G) (0,,0°dT) Ty T, Riem
—IpPTT™ g* g4, " (8,,ddT) Ty T; Riem
—1p* T T 8g,u g™ (d0'dT) T, T, Riem

L2 T T g% S (9°ddT) Ty T, Riem
—pPT TP g* 8g), ¢ (9,,ddT) Ty T; Riem
LT T} g* 6g,, (0"ddT) Ty T, Riem

—%pQ T ry 7" G 0G0 g* (8€adT) T, T, Riem
2T g™ T g" 5gy (9,,ddT) Ty T, Riem
—1pq(~1)"0gm g™ (ddO'T) VT T; T, Riem
1pg (=1)" dgx ¢* (ddO“T) VT T T, Riem .
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The 3 dangerous field equations from compensators (4.122), (4.138), (4.139) that contain

third derivatives in the field T®% for generic p, q are:

—1p? (~1)"*9 T, 8g (ddO°T) VT T, Riem (A.120)
—ip? (—1)P Ty VT 6g,, ¢ (dd0'T) T, Riem (A.121)
1p? (~1)* Ty VT 6g (d0"0'T) T, Riem . (A.122)
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