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Abstract

This thesis explores gravitational theories with the presence of torsion. In the first chapter, after a brief intro-
duction to the tetrad and differential forms formalisms, we study Einstein-Cartan theory, a minimal extension
of General Relativity that assumes a non-vanishing torsion. More specifically, the Lagrangian formulation of
Einstein-Cartan theory is given in terms of the decomposition of the torsion tensor into its irreducible compo-
nents.

In the second chapter, the theory of Quantum Electrodynamics is considered in contorted spacetimes, with
a dual purpose. The first is to show that in such a theory, spin is connected to torsion, much like mass is
connected to curvature in General Relativity. More specifically, spin densities (more specifically, fermions) act
as sources for torsion. The second is to show that, by making a reasonable assumption, torsion can instead
be physically realized as an axion in a torsion-free spacetime.

In the third chapter we extend our considerations on Einstein-Cartan theory. Our starting point is the Holst
term and its significance in the formulation of Loop Quantum Gravity as a generator of the Ashtekar variables.
We consider the case where the "torsionful" Holst term is added to the Einstein-Cartan action and show that
this leads to inconsistencies. To fix this, we "complete" the Holst term by adding an additional term to the
action in order to form the Nieh-Yan term, a topological invariant. Then, we give another argument as to why
the vanishing of the Nieh-Yan term must be imposed as a constraint, which leads to torsion being realized
as an axion. Finally, we comment on the fact that the existence of the anomalous chiral current leads to
the introduction of a Chern-Simons term. Thus, Einstein-Cartan theory can be transformed into a dynamical
Chern-Simons theory without torsion.

Finally, in the fourth chapter we consider a string-inspired model, in which the field strength of the Kalb-
Ramond field takes on the role of torsion and thus behaves analogously with the torsion in Einstein-Cartan
theory, producing an axionic degree of freedom. This theory is explored further, showing how, due to the
anomalies present in the string theory, gravitational wave condensates in the early universe can explain in-
flation. This is done through an alternative cosmological model to A-Cold Dark Matter (ACDM), called the
Running Vacuum Model.

In the last (fifth) chapter, the analysis is taken one step further, by considering the higher order O(a’) correc-
tions to the heterotic string effective action. In this case, the action is subject to field redefinition ambiguities.
By imposing unitarity and interpretation of the Kalb-Ramond field-strength as torsion, one can show that,
although in 10D these requirements are conflicting, in 4D they are not. Thus, we get a 4D action, quadratic
in the Kalb-Ramond field strength, which we integrate out of the path-integral. This leads to an extra term
compared to the previous analysis, a non-minimal derivative coupling of the axion to the Ricci tensor. We end
our discussion by showing that this extra term has subleading effects in the condensate and, thus, inflation.
The work done in this chapter is novel and has been published in [1].
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[TepiAnyn

Avutr) n Mewarttuyiakr] Epyaoia egepeuva Baputikég Sewpieg pe otpéyn. 10 mpodto Ke@dalalo, petd and pia
OUVTOJI £100Y®YI] OTOV QOPHAAICHO TRV TETPAS®V Kat S1a@opikav popeav, pedetdpe v Ocwpia Einstein-Cartan,
pa eddxio enékraor g evikng Zxeukotnrag rou urodetel pia pun-pndevikn otpéyn. Io ocuykekpipéva, o
Aaykpavi{lavog @oppadiopog g dewpiag Einstein-Cartan divetatl cuvaptrjoet oV P avayoyipov KOPPATIoV T0U
TAVUOTI) OTPEYPDG.

Zto devtepo kepaldawo, n Oeswpia g KBavukrng HAektpoduvapikng pedetdtal oe KAPmUAoug X®POXPOvoug [
otpéyrn), pe dttd oxkord.  Ilpatov, eival va deixdei 611 oe pa térola dewpia, onwg n paia ouvdéetal pe v
KAPIAotnta, £10l Kat 1) otpéyn ouvdeetat pe to orv. 110 OUYKERPIIVEVA, 01 PEPIIOVIKEG ITUKVOTITEG oIty §pouv
oav TYES yua v otpeyn. AeUtepov, sivat va Seixdel o1, KAvoviag pia Aoyikr Umodeor), 1 OTpEPn UIopei va
EPPAVIOTEl PUOIKA ®G £va adlovio TTOU KIVelTdl 08 £vav XMPo X®Pig otpéyn.

1o tpito Repadaio enekteivoupe Vv peAtn pag nave oty Sewpia Einstein-Cartan. To onpeio ekkivnorng pag €i-
vat o 6pog Holst kat n onpaoia tou otov popuadiopo g Oswpiag Loop Quantum Gravity g yevvrtpia ouvaptnon
10V petaBAntov Ashtekar. MeAetape tnv mepimioorn onou o 0pog Holst pe otpéyn mpootiBetat ownv 6pdon g
Yswpiag Einstein-Cartan kat Seixvoupe ot auto odnyel oe acuvéneieg. INa va emdlopbwooupe auto 1o yeyovog,
"oAoxkAnpaovoupe" tov 6po Holst, mpoobétoviag évav srmudéov opo otnv §pdon yla va dnpuioupyricoupe tov 0po
Nieh-Yan, éva torodoywko avaddoiwto. 'Enetta, divoupe éva emmmléov emyeipnua yua to ylati o opog Nieh-Yan
npénet va pndevidetal kat va epappootel og deo110g oto oAoxkAnpepa Stadpopnig, KAt 10 01t0io 0dnyel otV oTPEWn
va gpgavidetat wg éva agiovio. Tédog, oxoAidloupie 10 YeyovAog Tt 1] UTIAPSr TOU avOIIAAOU XEIPAAIKOU PEUIATOS
odnyel otnv eloaywyn evog opou Chern-Simons. 'Etot, n @swpia Einstein-Cartan pnopei va petacnpatotet o
pua duvapikr @ewpia Chern-Simons X®wpig otpeéyn.

210 TETAPTO KEPAAA10 PEAETANE £va PIOVIEAO EPITVEUCHEVO Ao v Oswpia Xopdov, oto oroio n Suvapn tou niediou
Kalb-Ramond field AapBavet tov poAo v otp€yn Kal CURIEPIPEPETAL AVIIOTOIXA PE TNV OTpéYn otnv Oswpia
Einstein-Cartan, apayovtag évav a§loviko Badpo eAeudepiag. Autr) n Sewpia pedetdral nepattépn, deixoviag ott,
A0Y® NG avepaliag rmou urapyetl oty Osopia Xopdwv, cupnukvopata BapUtiK®v KUPAT®V 010 IIPOTHO0 CURIay
HI0POUV va £§nyrjoouv ToV KOOHOAOYIKO TANS®P1opo. AuTo yivetal Héo® evog evaAAaktikou poviedou oto A-Cold
Dark Matter (ACDM), to Asyopevo Movtédo Tpexoupevou Kevou (Running Vacuum Model).

1o teAeutaio (méprtto) kepdAato, n avdluon pag mdet éva Prjpa mapakAat®, Pe thv Pedétn tov 810p0doewv 1agng
O(a') oy evepyd dpdon g Oswpiag Xopdmv. Te autrv v nepiroor, 1 5pdon UNOKeTal 08 ACAPELEG ETAVAOPIO-
pou nebiou. Anattwviag povadiaiotnta kat eppnveia g Suvapng tou niediou Kalb-Ramond wg otpéyrn, av kat otig
10 &raotdoeig autd eival aduvatov, oug 4 Siaotacelg priopovpe va Sei§oupe ot eivat epiktd. ‘Etot, naipvoupe pia
dpdorn oug 4 Sraotdoetg, tetpaywviky oty duvapn tou nediou Kalb-Ramond, tnv oroia propouiie va oAOKANp®-
coupe oto oAorArpeua diadpoprng. Autd odnyel oe €vav ermumtAéov 0pO CUYKPITIKA 1€ TNV MPONYOUUEVI] 1AG
avaduor), pia prj-eAdaxiotn ouleudn petal tov napayoyey tou agloviou kat tou tavuotr) Ricci. KAetvoupe deixvov-
1ag OTL AUTOG O KAvOUPlog 0p0g £XEL apeAntéa emidpaon o010 CURMUKVOPA BAPUTIKOV KUPATOV Kdl, dpd, OTOV
mAnBwpiopo. H Souldeld autou 1ou Kepaldaiou eivatl véa kat mpatotunn kat £xet Snpooteutet [1].
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Conventions

For convenience and clarity, we write out here all the conventions used in this thesis. Throughout the text,
these conventions are also mentioned, and further comments are made. For the metric, we use a (—, +,+, +)

signature:

|y = diag(—1, +1,+1,+1)

€o123 = +1
L0123 _

The Levi-Civita tensor is related to the Levi-Civita symbol as:

’nuupa =V —Y9€uvpo

For the Levi-Civita symbol, we choose

1

nMVpU _ eHvpro
V4

which, in turn, means that the contraction of two Levi-Civita tensors is given as

111t 1ot

N
wvpo __ pvpo _ _ spuvpo
Nuvpe = €uvpo€ - 5,uup0'
N
where 01,7 7 is the generalized Kronecker delta, defined as the determinant:
M1 ce M1
op] oLy
H1...4p __
§V1MVD - . . .
K“D L KD
on onr

Furthermore, the volume element is given by the relation

dz? N dx¥ N dxP ANdx® = —ntP7\/—g de‘

The covariant derivative is taken to be

v __ v v A
Vv =90 + T v

A
Vywy = 0wy — T wa

The torsion tensor is defined as

A - =A =A
T pv F,uu - Fu,u

The bars drawn above the gamma symbols (and any other quantity in the text) indicate the presence of torsion.

The above conventional choices dictate that the contorsion tensor is defined as

1
A A A A
K W:§(T po + 1% + T u)

The curvature tensor is defined as

A A
R oy = 0,10, — 0,10, + 0T, —T0\T7,
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Finally, Greek indices u, v, ... etc. are used for curved spacetime and Latin indices a, b, ¢, .. . etc. are used for
flat (Minkowski) spacetime. For the spatial part of the curved spacetime indices, %, j, ... etc. are used, while
for the spatial part of the flat indices, A, B, ... etc. are used. Symmetrization of indices is indicated using

parentheses, while antisymmetrization of indices is indicated using square brackets. Both symmetrization and
antisymmetrization contain a normalization factor. For example, in the case of antisymmetrization, we have

1 .
’T[M..AW,] = ol E sign(P) ZLP(1)/LP(2)-~ILP(") )
’ PeS,

where the symbol P denotes permutations. Odd (even) permutations have sign Podd(even) = —1(+1). Finally,
the Hodge dual for a p-form A in D-dimensional space is defined to be

xA = 7'14#1...#;: nulu_“pmuDdxﬂp-H A AdztP

In the case of the Riemann curvature tensor and the gauge field strength, the dual tensor is usually represented
using a tilde:

~ 1
R,uupa = inpy)\n R)\Hpa

~ 1
FNV = §nuypona




Chapter 1. Einstein-Cartan Theory

Chapter 1

Einstein-Cartan Theory

The theory of General Relativity has proven itself to be one of the most successful physical theories we have.
Today, more than a hundred years after its initial formulation, the predictions of General Relativity are still
being confirmed experimentally to stunning accuracy. However, there is still a big drawback to this theory: it
is not Quantum. General Relativity is a purely classical theory. It is widely believed that there is an underlying
theory in which even gravity is quantized, and General Relativity is nothing but the macroscopic limit of that
theory. There are many ongoing efforts to construct a quantum theory of gravity. Two of the most notable
ones are String Theory and Loop Quantum Gravity. Both of these theories are extremely complex with a lot of
depth, but their experimental testing has proven to be challenging. It is then perhaps useful to take a step back
and explore a more minimalistic approach, or rather, take a smaller step in reconciling General Relativity with
Quantum Field Theory. One such step is to generalize Einstein’s theory. How? Well, in our standard theory of
curved spacetime, only the mass/energy of the objects considered plays a role. However, we know that there
are more intrinsic properties to matter. The most important and obvious one is the spin of the particles. In
fact, spin arises as a quantum number from the representations of the Poincaré group, which describes the
symmetries of Minkowski (flat) spacetime [2]. It is logical, then, to try to minimally extend the General Theory of
Relativity to include spin. This chapter will be an introduction to such a theory, called Einstein-Cartan theory,
where spin is minimally included by assuming that the torsion, unlike General Relativity, is non-zero.

1.1 Tetrad Formalism

In order to incorporate torsion in our existing theory of General Relativity, it is useful to express it in a different,
yet equivalent formalism, called the tetrad or vielbein' formalism, which involves constructing an orthonormal
four-vector basis at each point on the spacetime manifold. Let (M, g) be the spacetime Riemannian manifold
with metric g. The standard expression for the metric in a chart U C M (a local "patch" of spacetime) with
local coordinates {z*} is

]g = guvdatdr” (1.1.1)

where g,,, are the component functions of the metric g and dz"dz” is the symmetric product® of da* and dz",
which are the one-forms of the coordinate coframe (dz*). In general, the component functions of the metric are
dependent on the local coordinates z* of spacetime, i.e. ¢, = ¢, (). Knowing that spacetime is locally flat,
however, makes it possible to find an alternative formalism in which the expression of the metric is dependent
on the Minkowski metric® 7,; of the tangent space of the manifold at each point. This is the so-called tetrad
formalism.

1Vielbein comes from the German words "viele" ("many") and "beine" ("legs"). In four spacetime dimensions, vierbein is sometimes used
instead, where vier ('four") replaces viele.
2The symmetric product is defined to be

1
dxtdz” = §(d$“ ® dz” + dx¥ ® dzt)

where & is the tensor product of two tensors. We can then do a quick manipulation and renaming of indices to show that

1
g = guvdatda” = 5(gmjdgcM ® dx¥ + gypde” ® dzt) = gupdat ® da¥

3The convention 74, = diag(—1, +1,+1, +1) is used, like in most texts dealing with General Relativity.




Chapter 1. Einstein-Cartan Theory 1.1. Tetrad Formalism

1.1.1 Tetrads

The tetrad formalism is essentially a change of basis from the coordinate frame to a general orthonormal frame
on our manifold. Following [3], we can imagine setting up an orthonormal basis of vectors é,|, at each point
p € M on the spacetime manifold. Since the basis is orthonormal and spacetime is locally flat, at each point
we have that the component functions in this basis are nothing more than the Minkowski metric components:

9(éq |pv éblp) = nab|p

By repeating this process at all points of the chart we’re on we get an orthonormal frame é, and the above
condition becomes

9(€as ) = Nab (1.1.2)
We follow standard notational conventions and use Latin indices a,b,c,d,... etc. when flat spacetime is
considered. The coordinate frame is labeled as ¢, = 0, = 6% and is connected to this new frame é, via a basis

transformation:
(1.1.3)

The new basis (frame) é, is called a tetrad or vierbein basis, while the transformation matrix é#a = é#“(x)
(which is dependent on spacetime points z) is called a tetrad field or vierbein field. The inverse of the tetrad
field is denoted by (¢,*) ™! = é/, and satisfies the orthogonality conditions

ety 6, = o (1.1.5)

where § denotes the Kronecker delta. By the vector-covector duality the dual of (1.1.3) is

D
=
|

¥
2

9]
s)

(1.1.6)

where é* = dx* are the coordinate coframe one-forms, i.e.

017

Therefore, the metric can be written as (eq. (1.1.1))

sV

g= g;w(éua éa) (e b éb) = g;tu(éua éub) (éa éb)
By applying condition (1.1.2), we get that
g(éaa éb) :guuéuc éyd ée éd €q €p = Nab =
= g(éaa éb) = g;wé#c éyd 52 5§l = TNab = guué#a éVb = Tab

By inverting this last relation we get that the components of the metric can be expressed as

Guv = Navep” 6" (1.1.8)

The tetrad fields €,“(x) can be considered as components of a (1,1) tensor e on a "mixed" frame with both
curved and flat spacetime components:

le=¢,"da" ®¢, (1.1.9)

If we consider a vector v we can express it into either the curved or the flat basis:

(1.1.10)
v =%,

<
I
<
=
>
=

By acting into either of these with the tetrad tensor e, we get the same vector but in the different basis. Thus, the
tetrad tensor is something akin to an "identity map", in the sense that its action upon a geometrical object (such
as a vector) does not change it. Instead, it simply acts as a change of basis operator. The vector transformation
law (and its inverse) that occur are

v(L — éu,a’U'u
(1.1.11)

a

<
b
Il

)
b

a¥




Chapter 1. Einstein-Cartan Theory 1.1. Tetrad Formalism

1.1.2 Local Lorentz Transformations

When we are working with tensors with curved (Greek) spacetime indices, these transform under general coor-
dinate transformations (the group of diffeomorphisms). We saw that the tetrads play the role of an orthonormal,
locally flat coordinate system. Thus, we can also consider coordinate transformations between different tetrad
bases. The only requirement that needs to be fulfilled is that the transformation must preserve orthogonality.
Since tetrads are considered locally in patches of flat spacetime with the Minkowski metric, Lorentz transfor-
mations are exactly the type of transformations we’re looking for. As such, we have that a change of tetrad
basis can be expressed as

éa/ = Aaa/(l‘)éa [1.1.12]

where A%,/ () denote the component functions of the Lorentz transformation tensor. Of course, the Minkowski
metric remains invariant under Lorentz transformations:

b
Aaa’A b’ Mlab = Ta'b’

Due to the local nature of these Lorentz transformations, we call these Local Lorentz Transformations. Essen-
tially, we now have a "rule" to transform both (upper and lower) Latin and Greek indices. Therefore, assuming
we have a tensor 7%}, with all 4 types of indices, it transforms as

oxH ox”
Aby
i

Ta/“/b/l,/ = Aala T%y, (1.1.13)

The curved spacetime (Greek indices) coordinates changes are called General Coordinate Transformations.

1.1.3 The Spin Connection

We know that the covariant derivative of a vector expressed in the curved basis is

Vv =9 + Ty vt (1.1.14)

where the bar on top of the symbol f‘; » Is used to indicate that this is not the usual Christoffel symbol of the
Levi-Civita connection as it is not symmetric, i.e.

=X =X
r,-r,,#0
which means that there is a non-vanishing torsion and we consider a general affine connection. Similarly, the
bar over the derivative symbol V indicates that the torsionful (from here on, contorted) connection is being

considered. Now, suppose that the vector v is expressed in the flat basis. We can assume that there is a
connection w such that the covariant derivative is expressed in the same way as before, i.e. as

v#va = 0" + @, % ik (1.1.15)

This new connection coefficient &, % that is related to the Latin indices is called the spin connection*. The bar
indicates the presence of torsion as before. We can express the spin connection coefficients in terms of the I
symbols by expressing the tensor Vv in the two different bases. For the curved basis, we have that

Vv = (V,0")dz" ® 9, = (90" + f‘:)\ vNda! @ 0, (1.1.16)
For the flat basis, we have that
Vo = (V,0")dat @ é, = (9,0 + @,% v°)da" @ é, (1.1.17)
We know that é, = é°, ¢, = €, 0, and v* = é,%v” and thus Equation (1.1.17) becomes
Vo = [0,(6,"0") +©,% (éybv”)]dm“ ® (€74 0,)

which gives us B
Vv = (076P 0,6, + 00" + @,% 6,"0"¢7,)dat ® 9,

4The placement of the index p is purely conventional. A different notational convention would be to place it on the right, i.e. to have
@, instead.
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where we have done the contraction é,%¢,” = 6°. By relabeling the indices p — v — \ we get that

Vo = (90" + v 00,6\" + @,% éxPv e, )da" © 9, (1.1.18)
Then, by comparing equations (1.1.16) and (1.1.18) we find that
D0t =07¢",0,82" + ®,% ex"ve”,

and since this must hold for every v*, we have that the relation between the affine and spin connection
coefficients is:

f;)\ =&, 0,6\  + @, % e\e, (1.1.19)

We can easily invert this and solve for the spin connection coefficients:

(I)uab = éAb é,® f‘;/\ — é)‘b 8Hé>\a (1.1.20)

Now, if we multiply both sides with égb we get that
—a s b_ A sas b¥ AN 4 bg s a v A
@, pes = et e, Loy — Ny ey Ouer* =¢e,T,, —0.6,"
By rearranging the terms in one side we get
Oubo® — &, Ty + @, 80" =0
We may recognize this relation as a "covariant derivative" of the tetrad field é,%, i.e.
b

Ve, = 0.6,  — "), + @8,
where we have relabeled the indices v <+ ¢. The term "covariant derivative" here is not used here only to refer to
the usual covariant derivative encountered in General Relativity, which only considers the affine connection I'
in relation to Greek indices, but in a broader/generalized sense where Latin indices are considered with regards
to the spin connection @w. Therefore, the above result is simply that the covariant derivative of the tetrad field
vanishes:

Ve = 0,6, — 6, +@,"6," =0 (1.1.21)

The above relation can be used as an initial assumption (axiom) which ultimately acts as a defining relation for
the spin connection. That’s why it is called the tetrad postulate. As our starting point was different, however,
this result is somehow expected, since é,“ are the components of the tensor e, which as we saw is the "identity
map". Another important question regarding the spin connection coefficients is the way they transform. Just
like the T symbols, which arise from the affine connection, we do not expect the spin connection coefficients to
be the components of a tensor. Our starting point to find this transformation law is the fact that the covariant
derivative of a vector v in the flat basis must be Lorentz invariant [4]. Therefore, if

7Mva =0, v" + @uabvb

then

= ’ ’

V" =A% V0" (1.1.22)

must hold. We have that B B ) B ) L )
V0" = V(A 4 v%) = (VLAY )0 + AY T 0"

and thus the only way for our Lorentz invariance condition to hold is if

VA =0 (1.1.23)

We know how to take covariant derivatives of (1, 1)-tensors (and, in general, (k,[)-tensors) and so we calculate
the covariant derivative of A® ;, which we know should be zero:

VA s = 0,A y + 0, % A — D, A" . =0 (1.1.24)

where the upper index has a positive correction term and the lower index has a negative one. We multiply with
A%, and get

’ ! !
Abb/(?MA“ b+ w#“ CAbeACb - (I)Mcb Abb/[\a c=0=
’ ’ ’
A0, A"y + @, "y — @, APy AT . =0

and thus

(I)Mu/b/ = @ﬂcb AbeAa/c — AbbﬁuAa/b (1.1.25)

It can be seen clearly that the spin connection coefficients must not transform like a tensor in order for the
covariant derivative of a vector to transform properly.
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1.2 Differential Forms Viewpoint

Our new formulation, involving Latin (flat) indices, allows us to employ a very powerful computational tool:
the exterior algebra of differential forms. We know that an object like X, is a one-form, an anti-symmetric
object like A,, is a 2-form and so on. But what about an object like X,“? At first glance, one would say
that this is not a differential form. However, the fact that a is a Latin (flat) index allows us to make a very
important change in viewpoint: We can see X,,“ as a vector-valued one-form! For each value of the lower index
u, X,,* is a four-vector by its second, upper flat index a. In this spirit, any tensor that has any number of
lower Greek indices that are completely antisymmetric and any number of Latin indices can be viewed as a
tensor-valued differential form. For example, the tensor A,,“;. where i, v are antisymmetric, can be thought
of as a (1,1)-tensor valued 2-form. As such, "ordinary" differential forms like X, are simply scalar-valued
differential forms. By application of this "rule", the spin connection coefficients @,%, are (1, 1)-tensor-valued
one-forms. This means that we can "suppress" the Greek index by writing the spin connection coefficient as a
one-form®

&% = @, da" (1.2.1)

where the bold symbol has been used to indicate the one-form as a geometric object and not as simply its
component functions. We know that the exterior derivative of a one-form X, is a 2-form given by:

(dX)w =0, X, — 0, X,

and so for a four-vector valued one-form X Ma we have that

‘ (dX)w" = 0,X," — 0, X,° (1.2.2)

However, this derivative does not suit our needs. That’s because, while it transforms like a 2-form under
General Coordinate Transformations (Greek indices), it does not transform like a four-vector under Local
Lorentz Transformations (Latin indices). To amend this, we must introduce a new derivative operator, the
exterior covariant derivative, which is defined to be

(DX)® = (dX) " + (@A X) 0" = 0, X, — 0, X, +@,X," —©,%X,.° (1.2.3)

where A symbolizes the wedge product of differential forms and the bar indicates a connection for a non-
vanishing torsion is used. We can show that this is equal to

(DX) " =V, X, =V, X, +T7,,X," (1.2.4)

In bold notation, suppressing the Greek indices, the exterior covariant derivative of a vector-valued p-form is
expressed as:

(DX)* = (DX") =dX" + &% A X° (1.2.5)

This definition of the exterior covariant derivative can be extended to any tensor-valued p-form X , as
given in [5]:

(DX = (dX)%  + (@ AXy )+ = (—D)P( X g AR — - - (1.2.6)

To sum up, we have done two things:

1. We have changed our viewpoint, by viewing tensors of mixed Greek and Latin indices as tensor-valued
differential forms of Greek indices. This allows us to unclutter our notation and keep only the Latin (flat)
indices by representing these differential forms as geometric objects and not as their component functions
(thus suppressing all Greek indices).

2. We have defined a suitable derivative operator (the exterior covariant derivative) for tensor-valued differ-
ential forms that incorporates the spin connection.

We will thoroughly use the notation and tools introduced above in the rest of the text.

5Since the index p gets contracted anyway, it becomes clearer why there are different notations for its placement. In most cases, we’ll
be using the contracted forms of the connection coefficients.
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1.3 The Cartan Structure Equations

Now that we have established our formalism in terms of vierbeins and differential forms, we can go ahead and
express many notions of General Relativity we’re familiar with in these new terms.

1.3.1 Metric Compatibility

The metric compatibility condition of General Relativity is expressed as the vanishing of the covariant derivative
of the metric®

ﬁ)\guu - ﬁ)\(éauébunab) - éauébuﬁ)\nab =0

In vielbein notation, this is expressed as

where the vielbein fields were moved outside the covariant derivative due to the tetrad postulate. The covariant
derivative of a quantity without curved (Greek) indices coincides with the exterior covariant derivative, as one
may check, and thus the metric compatibility condition takes the form:

_ _ 0
Dn,, =0= Vyuna :W_ a’;tca Tleb — w,ucb Nac = —Wpuab — Wyuba = 0

which translates to the two Latin indices being antisymmetric:

122
159

or, equivalently

1.3.2 Torsion

We know that torsion in General Relativity is a tensor with components”’

A =A =A
T pr — FMV - FVM (1.3.4)
We want to express this in terms of Latin indices. We have?®:
T)\;,Ll/ = éAaTap,V (1.3.5)

From equation (1.1.19) we have that

fiy = é’\aaueu + w0, 6,€¢%
and thus
T = €200,6," + @, 6,°6%, — 2,0,6," — 0, ¢,°¢, = (1.5.6)
T = 20046, — 0,6,  + @8, —@,"c €,%) o
By comparing equations (1.3.5) and (1.3.6) we find that
T = 0ues” = 008" + 0,06, — @, ,° (1.3.7)

We recognize this as the exterior covariant derivative of the vector-valued one-form é“ (see Equation (1.2.3)).
Thus, we can write

\T“ = Dé* = dé® + @, N é° \ (1.3.8)

This is called Cartan’s first structure equation.

6In this thesis, we explore metric-compatible theories with non-zero torsion. However, the most general geometries we can consider
are not metric compatible. In such a case, the non-vanishing part of the metric compatibility condition is a tensor called non-metricity
tensor. Theories that consider the general case where both torsion and non-metricity are present are called metric-affine theories. In string
effective actions, the dilaton plays the role of a special kind of non-metricity, called Weyl non-metricity.

7Since the connection coefficients I" aren’t tensors, we typically do not adhere strictly to index notation and write the top index directly
above the first lower index. However, as the difference of these two I symbols is a tensor, we are obliged to choose a placement for the
upper index. Here, we follow the convention of placing it in the left side, rather than the right side.

8In other sources, T wy = —éAaT" wv is used instead. This conventional minus can be traced back to the convention used by
the author in the covariant derivative definition. More specifically, while here we use V, w, = Buwy — F;‘UwA other sources use

V,Lw,, = 8Hwy — Ff,‘ﬂw A instead. To preserve the final result (Equation (1.3.8)), the introduction of this minus is necessary.
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1.3.3 Curvature

We can work similarly with the curvature tensor. In General Relativity, the curvature tensor is given by

R = 0,100 — 0,10, + T\, — TO\T0, (1.3.9)

We can change two of the indices to flat and express the curvature in terms of the spin connection as

_a

Ry = 0u00,% — 0,0, % + @, 0, — 0,% 0, % (1.3.10)

Proof

We know that we can pass onto flat indices by using the vielbeins:

RpU[l,l/ = épa éab Rab,ul/ (1.3.11)

Now, by using Equation (1.1.19) we get that:

0,T0y = 0u(6°aB,s" + @, c 6,°6%,) =
=(0,6°,)(0,6,%) + €°5(0,0,5) + (0,0,%) é55€° 4 + @0,% (0,56 4 + 0% €5,(0,6°,
iz iz " iz iz

and
—p A e 4 s
or,, = L s =00, 08 =
~ A a ~ ~ a — A Ca — A C\ A = ~ C N
= (0,€°4)(0ués") + €°4(0,0,65") + (0vw, %) €5°€°a + W0, (0y€5°)€P ¢ + @, " €5°(01 €7 )
as well as
TP A 5 s a_ | — a 5 c3 A g 4 b = b 4 d\
Ll = (€Pa0uex" + @, c€x°€",) (€Mp0ves" + @ €57 €N,
A~ A~ A~ ~ b A~ ~ d A~ — ~
= epaexbé‘#eka&,eg + 6P, 6,46, 0,0 0uér"+
2GR AP = A b A CAN Ap A d— _
+6,\ce)‘bepawuacayeg + 6\ ey, 6P, 6, wuacwybd =
~—— ~——
=o¢ =o¢
AP A ~ag s b | ap s diN — b 5. a P~ a A~ b | sp s d— a — b
:epae bauex\ 81160 +6pa € € pWy dap,e)\ +€pawp, bal/eo' +epa € Wy bWy d
and

P A 2 — @ &G 3 b, — b s ds
r )\I‘ = (P 0" + @, % x°€",) (e/\baueg +w#bdeg e)‘b)
p A ~ b ap A daAN — ~ "y — b ap A d— _
zepaekbaueﬁauea + e, és e’\bwubdayma—kepawl,aba”eg +éP,éy wyabwﬂbd

and so we have that

R g = (048°0)(80€6®) + €°alBp8857) + (8,1 %) €5°€P 4 + @1 % (04€0°) P o + @, % €5°(0ué" )
- (8uépa)(auea ) =& uAa - (auwu c) By G, = Wu c (auéac)épa - w;tac éac(auépa)

AP A N A b A0 5 dsh — b 5 AP A b Ap 5 d~ — b
+ epae baue)\aauea + epa € € bWy d 8;1,6)\(1 + epa wuabal/ea + epa €o w,u,ab Wy d

AP A s~ aqg s b 0 5 dsh — b soa AP~ a 5 b sp s d—a — b
- €pa6 baue)\ a/_tea' - epa € € bWy d 8116)\ - epa Wy ba,uea' - epa € Wy bWy d

After rearranging some terms and renaming some indices, we get

RPUW =P, é,° [@wy b= O A B @ = B e b] + [(8 a)(0v€5") — (0,€°4)(0ués") }
{wy c (0,€°4) —@,% (0,€°,) +W+epa @, % (0,6 b - b(Op )
4 éP e b[(a éx")(0vés ) (0vex")(0ués )} +éP, 6,08 b{w,, a (Opéx )—wu a (0yé\" }

To proceed with the computations, we require a useful identity. We have that

aﬂ(é)\aé‘ra) = (@Léfa)é)\a + éﬂ'a(aué)\a)
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but also
0,(6%06,") = 0,02 =0

and thus

(0,6, ") e = 6,90, ) (1.3.12)

which means that we can exchange vielbeins in the derivative while getting a minus sign. Having this in
mind, we have that

ér [é’\b(aﬂé,\“)(ayégb) — é/\b(ayé,\“)(aﬂégb)] =¢é°, [ — ex"(8,8%)(Dvés") + éA“(Bué)‘b)(ﬁﬂégb)}
=8| - Q@ + 00" = | - @) + QO]
Similarly, we have that
6Py é5" [é’\b @,%0 (0,8x%) — X @,% ((%é,\a)] =éP, e,e { — 62 @,% (8,8M) + 62 @0 (aué*b)}
= 85 &, [ — @,%4 (08%) + @, (@é%)] =" [ — @4 (0u%) + &0 (6uépb)}

and so if we replace back in the expression for the curvature tensor we get

14 ~ 5 b — a = a — a = C -~ a —~ ¢
R Uul/:epaea |:8qu b_auwu b+wu cWy b — Wy cWy b:|

+ | (0,€°4)(0ne:2 7€70)(0u€c") | + é6° |0, (0pefa)—a.2 (0,6°)

+[—(aué%>a”’ yém(auégb)héod o PO e (0067

We observe that all terms besides the first equal zero and thus

R gy = €°085°(0,0,% — 8,@,% + ©%c@% — @,%@,,%) (1.3.13)
Therefore, by direct comparison of Equations (1.3.11) and (1.3.13) we get that

=@ _ _ o o

R buv = uwuab - 8l/wuab + wuacwucb - wyacwucb

This is the desired result.

We recognize the first two terms of the curvature relation as the exterior derivative of iv and the last two terms
as the wedge product of w with itself. Thus, we have an equivalent expression of

R, = do% + @% A &% (1.3.14)

This is called Cartan’s second structure equation.

1.3.4 The Bianchi Identities

By taking multiple exterior covariant derivatives of the tetrad one-form, we get the Bianchi identities, known
from General Relativity, in our new formalism. The exterior covariant derivative of the torsion form is
DT® = D°¢* = Ddé® + D(@} A &)
We have that 0
Ddé® = d?6® + &%, A dé’ = &% A dé®
and
D@ Aéb) =d(@% A eb)+ @4 A@b. A e =da N e — % A deb + D% AT, A é°
and so
DT = 3% ~de’ + do®, A &" — @A de’ + % N @b, A E°

dw®y N eb + &% ANDY. A E° = (d@® + D% N D) A é°

10
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where we have relabeled the indices of the second term b <+ ¢. Thus, we arrive at the relation

DT = D’é% = Ry n & (1.3.15)

This reduces to Bianchi’s first identity of General Relativity when torsion is zero. This can be made obvious if
we write this identity in index notation:

Rp[a,uu] = v[(71—‘pﬂy] + T)\[U;Lpr])\ (1.3.16)

or, expressed in terms of the torsionless covariant derivative,

Rp[guy] = V[UTP#V] + K’)[U‘,{Tﬁﬂy] (1.3.17)

where K is the contorsion tensor, to be defined in the next subsection. Notice how the curvature tensor no
longer satisfies a cyclic identity. Now, note that the proof of the first Bianchi identity presented above made no
assumptions about é* besides it being a vector-valued differential form. Therefore, the formula is valid for any
vector valued p-form \%:

DAY = R AN (1.3.18)

=3
Now, consider taking an additional exterior covariant derivative, i.e. calculating D A“*. We can calculate this
in two different ways. First,

D’ = D(D*A") = D(R% A AY) = (DR A AY) + (R A DAY) (1.3.19)
However, we also have s . B -

D"\ = D" (D)) = R, A DX* (1.3.20)
where we used D)? instead of A% on Equation (1.3.18). By comparing Equations (1.3.19) and (1.3.20) we
conclude that L

DR AX' =0
Since A® can be an arbitrary vector value p-form, we choose it to be a vector valued 0-form, i.e. a vector field
A% = X°. By doing this, the wedge product simplifies to an ordinary product:

(DR%)X" =0
Since this equality must hold for an arbitrary such vector field, we conclude that
DR%, =0

must hold. By using the exterior covariant derivative formula, we get that this relation is:

DR% =dR% +@*. AR, — R A& =0 (1.3.21)

This reduces to Bianchi’s second (differential) identity of General Relativity [3], as can be seen by writing it in
index notation:

VinR" ) + T 53 Ry = 0 (1.3.22)

or, written in terms of the torsionless covariant derivative,

V[ARPUIW] + KP[MKR'WIW] + KU[AMRPH/W] =0 (1.3.23)

where, again, K is the contorsion, to be defined shortly. We can calculate D R%:
DR", = D(d&%, + &@°. A &%) = D(d@",) + D(@". A @)
We have that
D(dis"y) = (27T (@7 A dio) — (dis®, A %) = (@, A dis®y) — (ds" A 5%) = d(@", 1 %)
and
D@ A@%) = d(@% ND%) + (@% AN@g A@Y) + (@% AD°y A DY)
=d(@% N@%) + 2@ AN@°g A %)

o

and thus we get L
DR, = 2d(@%. N@%) + 2(@% A @°g A@%y)

Bianchi’s second identity can therefore be written as

DR, = d(@% N&@%) 4+ (@ A@°g A@%) =0 (1.3.24)

11
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1.4 The Contorsion Tensor

Assuming a contorted connection f‘f;u it is possible to show that [6]

1
i(T)\uu +Tju)\l/ +T1/)\,u) (1.4.1)

), =TI, +

where the Ffw are the Christoffel symbols of conventional General Relativity which do not include torsion:

r,,=ry, (1.4.2)

jn%

and T wv are the components of the torsion tensor. Therefore, it is is possible to split the affine connection in
two parts, a torsion free part I‘f;y and a contorted part K A vt

T, =T, + K (1.4.3)

where the contorted part K A uv is a tensor (as it is defined in terms of the torsion tensor), which we call the
contorsion tensor®

1
i(TA,uu +T,u,>\1/ +TuAp,) (144]

The torsion tensor is antisymmetric in its lower indices:

A
K*,, =

T, =T, (1.4.5)

and based on that we can easily show that the contorsion tensor is anti-symmetric in its first and third indices:

Ky = —Kyu (1.4.6)

Analogously, the contorted spin connection @%, can be split it into a torsionless part w®, and a part K%,
containing all the information about the torsion:

‘C)ab =w + K% :>(,T)/Lab :wl,,ab+Kal,,b‘ (1.4.7)

where K%, is again the contorsion, this time expressed using Latin indices. The torsionless part is defined to
be such that

| Dé* = de" +w, A eb =0 (1.4.8)

i.e. the torsion contribution from w; is zero. It is easy then to show that

\D:DJFK“Z,A\ (1.4.9)

Note that we have defined a bar-less exterior covariant derivative DD, which is defined like D, but with w%,
instead of w?,. This, in turn, gives us that w,; is anti-symmetric:

(1.4.10

by the metric compatibility condition, as before. The torsion one-form is defined by the contraction!®

Kac = Kabc éb = Ka/w dxt (1.4.11)

91t turns out that there are four different expressions for the contorsion tensor, which are based into two conventional choices:
i The choice of the definition of the covariant derivative: Either V w, = Ouw, — Ff;uw A (Choice (12) or V,wy = dpwy, —T'p uwx (Choice
(1b))
ii The choice of the definition of the torsion tensor: Either T* wy = f‘:y — f‘i\# (Choice (2a)) or T wy = f‘;\u — f‘iu (Choice (2b))

Then, according to our combination of conventional choices, we get different expressions for the contorsion tensor components:

i (la) & (2a): Ky, = %(TMW + Tuxe + Tyap) & anti-symmetric in 1st and 3rd indices: Ky, = —K,,» (We're using this one)
ii (1a) & (2b): Ky = —%(T/\W, + Tyuxe + Tyap) & anti-symmetric in 1st and 3rd indices: Ky, = — Ky
iii (1b) & (2a): Ky, = %(T)\HV — Tyav — Tyap) & anti-symmetric in 1st and 2nd indices: K, = =K,
iv (1b) & (2b): Ky = 7%(T>\W, — Tyuxv — Tyxy,) & anti-symmetric in 1st and 2nd indices: Ky, = =K,y

10The index contracted is the one that doesn’t possess any symmetry. Similarly, in the other conventions we described, the contorsion
one-form is defined by contracting the lower index that doesn’t have any symmetries.

12
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where the components K%, are given by:

1
Kape = i(Tabc + Thac + Teap) (1.4.12)

Since the first and third indices are antisymmetric,
Kabc = _cha (1.4.13)
it follows that the components of the contorsion one-form are anti-symmetric:

(1419

Furthermore, by the defining Equation (1.3.8) for torsion and Equation (1.4.8) it is trivial to show that

T = K, 0] (1.4.15)

thus confirming that the information about the torsion is contained entirely in the contortion. Furthermore,
we have that
2(I(abc - Kacb) - Tabc + Tbac + Tcab - Tacb - Tcab - Tbac - 2Tabc

and thus we get the property

’T“bc = 2K = (K% — K%) ‘ (1.4.16)

Having all of the above in mind, we can define a torsionless curvature 2-form as [5]

| R} = dw’) + we Aw' | (1.4.17)

which (obviously) satisfies the Bianchi identity
DR%, =0 (1.4.18)
By expanding Equation (1.3.14) we get that

R, = d(w + K%) + (W + K%) A (w + K)
=dw'y + W' ANW+dK + W' ANK% + K AW +K N K€,
=R%, DK%,

and thus the contorted curvature 2-form can be expressed in terms of the torsionless curvature 2-form and the
contorsion one-form:

‘Rab:Rab+DKab+K“C/\ch‘ (1.4.19)

Using this formula to replace the torsionful Riemann curvature 2-form in the second Bianchi identity gives us
a Bianchi-like equation that relates the contorsion with the torsion-free Riemann tensor:

| D’K*, = K*. A K — R% A K. (1.4.20)
In index notation, this identity can be written as
‘ VLV K No = R K™ \o = R o K 5w (1.4.21)

This equation vanishes identically in the absence of torsion. We finish this section by writing out the de-
composition of the torsionful Riemann tensor into the torsion-free Riemann tensor and torsion part in index
notation:

‘ Rabcd = Rabcd + chadb - vd-Kvacb + KaceKedb - KadeKecb (1422)

The appropriate contractions lead to similar relations for the torsionful Ricci tensor and Ricci scalar:
‘ Rab = Rab + vb]:{acC - chabC + Kaceche - Kabeche (1.4.23)
|R=R+2V,K™ + K Koo — KK, (1.4.24)
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Chapter 1. Einstein-Cartan Theory 1.5. Lagrangian Formulation of Einstein-Cartan Theory

1.5 Lagrangian Formulation of Einstein-Cartan Theory

In this section, we derive the Lagrangian that describes the theory of General Relativity with non-zero torsion,
i.e. the Einstein-Cartan theory. We then decompose the torsion tensor into its irreducible components and
give the Einstein-Cartan action in terms of those components.

1.5.1 The Einstein-Cartan Action

In General Relativity, the Einstein Equations in the absence of matter are derived from the so-called Einstein-
Hilbert action:

— 1 /— o d4
SEH— 167TG/R gd T (1.5.1]

where R is the (torsionless) Ricci scalar and G is Newton’s constant of gravitation. In our gontorted theory,
it makes sense to simply replace the torsionless Ricci scalar with the contorted Ricci scalar R. Therefore, the
starting point for the action in a contorted gravity theory is

4 1.5.2
Spo = 16G/R‘/ d*x (1.5.2)

We will show (by following [7]) that this term can be rewritten in differential form notation as

1.5.
SeEc = 16G/Rab/\*e /\e) (1.5.3)

Proof

First of all, we have that the curvature form can be written as the contraction of the Riemann curvature
tensor:

_ 1_
R, = iRaledxu A dx”

Furthermore, the asterisk denotes the Hodge dual, which for a p-form A in D-dimensional space is defined
to be

*A = IAM'”#F N1 ppp--pip datert Ao N datP (1.5.4)

where 7 is used to denote the Levi-Civita tensor

‘77;“‘..;@ = V_ge,u,l..wu,D (155)
Therefore, we can see that |
*(E% A éb) =3 A“”ébonpgm dz"® A dx? (1.5.6)

and thus we get

1 l= 1 apbo "
167TG/|: Rabwdx A dz” } [26 Peb Npor) AT /\dx)‘}

1~ ~ap sbo B v K A
= W/ZRGZ’W(B P Nporadx! N dz? N dz" N dx

Sec

Then, by using the relation!!

‘da:‘“ A« AdatP = —/—gntt#P de‘ (1.5.7)
we get that
1 1~ A s O VK
Sec = BT e / ZRablweap@b 77p<m>\77u )\V*g d'z

For the contraction of the Levi-Civita tensors, we have the identity

Moy 12 = (=1)P7H(D = p)lahtp (1.5.8)
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Chapter 1. Einstein-Cartan Theory 1.5. Lagrangian Formulation of Einstein-Cartan Theory

where we have adopted the convention €123 = +1 and 4} /' is the generalized Kronecker delta symbol
defined as the determinant:

5511 5{/%
Jlahp — | o (1.5.9)
PP o A2

Having the above relations in mind, we apply for D = 4, p = 2 and get that

Nporal™ = —2(646Y5 — 546%) (1.5.10)
and thus the action can be written as

1 1- A 1 = R s Pore
50 = m/aR uea &7 (305 — 050V =g d'z = T G/ Puv(Eates” — o &) /=g d's
1 1l,= = =
~ 167G / §(Rabab — R%)v/—gd'z = 167TG /Rabab\/jgd%

We can recognize E“bab as the Ricci curvature scalar:

D _ D ab _ Dc ab _ Pcb

R= Rabn =R acb?] = R cb (1.5.11)

and thus we have shown that

4
Spc = 16G/R\ﬁd

as desired.

By expanding the curvature 2-form in Equation (1.5.3), we get three terms:
1
SEC - 167G /(Rab + DKab + Kac A ch) A *(éa A éb) (1512]
us

The first term is the familiar Einstein-Hilbert action from General Relativity:

1
SG1 = SEH = W/Rab A\ *(éa A\ éb) (1.5.13)

The second term turns out to be a surface term

1
167G OM

Sa, = Ko Ax(€"neb)) = (Ka A%(€° A €%)) (1.5.14)

167G

/DKab/\*(é“/\e 167TG

and thus doesn’t contribute to the equations of motion and can be ignored.

Proof

We’ll convert both sides of the equation to tensor notation and show that theyre equal. For the left hand

0123 _

! The negative sign on the right hand side would not be required if one adopted the ¢ +1 convention instead.
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Chapter 1. Einstein-Cartan Theory 1.5. Lagrangian Formulation of Einstein-Cartan Theory

side, we have that
1
/DI{GI7 A x(é4 N\ éb) = /VuKaubdx“ Adzx” A (2éapéb"77pm>\dx“ A da:A)
1
= / 5vuKM,éaﬂéb%y,m dz" Adx” A dz™ A do?
— /fg'r]“”"*d“x
1 ap A
— / 5vu}'{m/beapeba npm{)\nuun)\ /79 d4£C
—_————

=—2(85 65 —353%)

— / VuKanp (6465 — 5167)e e /=g d'a

_ / (Vo Koy — Vo Kap) 6906 /g d'z
_ / (VK%Y — VoK) 6,08,7 /=g d'z
= /(vpKﬂaf’ —V.K?,7)y—gd'z

- /(VPKPUJ + VoK) V=gd'z

= /2VPKPU"\/ng4x

where we have used the fact that the contorsion is antisymmetric in its first and third indices. Then, by
using the fact that [3]:

1
VproU = ﬁap (\/ —ngga) (1.5.15)

we get that
/DKab A x(e% A éb) = 2/@, (\/—gK”U”) d*z (1.5.16)

Now, let us consider the right hand side. First of all, we have that

1
Ko, Ax(8% A éb) = Ky pda” A <2éapéb“npa,{ Adz™ A dx’\)

1

= 5K“l,béapéb"77pg,§,\dycl’ Adz" A da?
1

= §prgnpg,€,\das” Adz" A dz?

Next, we use the identity
NpokX = \/jgepom/\ (1.5.17)

and then we take the exterior derivative. Therefore, the integral becomes:

/d(Kab Ax(e* A éb)) = / %8,L (V=9K",%) €porrda’ A dz” A dz™ A dz?
— [ 30 (VKT g/ A
o ()
= /8# (\/TgKﬂ,") (6504 — 5g5;)d4x
— [ [0, (v=aK"") - 0, (v=5K*,)] 'z
— [ [0, (v=aK"") + 00 (V=5K°,)] d'z
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Where in the last step we have again used the antisymmetry properties of the contorsion tensor. Thus, the
right hand side becomes

/d(Kab Ax(8*NEY)) = Q/ap (V=9K",%) d*z (1.5.18)

This is equal to the expression we got for the left hand side. Therefore, the two sides are indeed equal. In
this form, the applicability of Stokes’ theorem is also obvious.

Finally, the last term contains all torsion-related information

_ 1 c sa sb
Sgg—m/(K(lc/\K p) A (€A E%) (1.5.19)

If we return to our previous notation, this term can be written as

— 1 4

where A is a factor that comes from contractions of the contorsion tensor:

1 1
A= K"K\~ K", K =T\, T" " — §TWT,WA + ZTWTW (1.5.21)

Proof

Starting from the action term given in Equation (1.5.19), we have that
/ (Koo NK%) Ax(8% N &%) = / Kope K ppdat A dz” (;éwébf’npmdm“ A d:v)‘>
W N
= / KapcK (6805 — 616516 /=g d'x
= / (KapeK ob — Kaoc K€ pp) €767 /=g d*z
= / (KPpeK" — Koo K€, ) /=g d'a
Therefore,

A=K K'Y — K K'Y = K K"y — KPRy = K'Y K, — K'Y K0

where we changed the indices p — A, ¢ — p, 0 — v. Then, we can use the defining relation of the contorsion,
given by Equation (1.4.4), which we write here again for convenience:

1
A A A A
K W:§<T po + 1" + T, u)

Then, the first term in A can be computed as:

1
KMPK = Z(TW + T 4+ THYY(Tyunw + Topw + Topn)

1
— Z(TWTW TP+ TMHT, o AT M sy + TV Ty +TVM T 00

+%+ T#)\VTMW + TMAVTV;D\)

The canceled terms can be shown to be opposite to one another after renaming the indices and swapping
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them. The underbracketed and underbraced terms can also be seen to be the same. Therefore, we get

1
KMPEK 5 = = (2T T, +2 TP o+ TV M Ty +T T 0 + THY T

1
— 1(T)\V;ATM)\V 4 T)\V,LLTVH/\ =+ TV)\“TVH/\)

1
— E(T)\/WTMVA 4 T)\V“Tuu/\ 4 TVAMTVN/\)

where now the underbraced and underbracketed terms are opposite. Finally, we have that

1

1 1
KAU#K;L)\V = Z(T)\#VTHV)\ +T>\U#Tuu)\ +TU)\#T1/M)\) = +*T>\'LWT;“/)\ - 4
—_—

12
5 Ty

where, once again, the underbraced terms are equal. We can now move on and calculate the second term of

A:

0
L 0 VL v
(T30 + Ty + TP (TS T8, + T, 2)

= 7 (TOuT" + T T + TN, + T T)

A A
= TP 0Ty = =I5 17

A
K™\ K", =

e

Where in the first line the cancelled terms equal zero because we are summing over antisymmetric indices of
the torsion tensor, while the four terms appearing in the second line are all the same and thus get summed.
Therefore, the expression for A becomes:

1 1
A= K)\AMK#UV - KAU#KN)\V = _1»\/\”7”/1/'u - iTA#UTHVA + ZTV)\#TV)\M

which is the result we were looking for.

Therefore, the full gravitational action is

_ — 4
SEc = e /(R—&—A)\/ gd*x (1.5.22)

1.5.2 The Decomposition of the Torsion Tensor

We can use the symmetries of the torsion tensor to further split the quantity A. The torsion tensor is a four-
dimensional rank-3 tensor with 48 components. Its antisymmetry in the first and third components dictates
that the number of independent components of the torsion tensor is 24. That is because, for Ty;. there are
16 total combinations of a and ¢ and only 6 of these are independent because of the antisymmetry in those
indices. For each of those, we have 4 components (different b values) for a total of 4 x 6 = 24 componentslz.
We can check (through Young Tableaux!'®) that the decomposition of the torsion tensor in irreducible parts is
(8]

6R4=4,P20=44 P4 P 16 (1.5.23)
where we have labeled the two different "4" parts of the decomposition to discern them. The three parts the

torsion tensor decomposes into are [9] the trace vector, the pseudotrace axial vector and the traceless tensor.
The trace vector is defined as:

1
T, = gT”W (1.5.24)
and is the first 4 component of the decomposition. The pseudotrace axial vector is defined as:
S, = ! TvPe 25
n gnupou [1~5- )

and is the second 4 component. Now, if we define the one-form

1
S = Sq¢d = gn“bchabcéd (1.5.26)

12 Another way to consider this is to view T, as an anti-symmetric 2-tensor for each value of a. Each anti-symmetric 2-tensor has 6
independent components, and thus four of them (one for each value of b) have 4 X 6 = 24 independent components.
13Since we're decomposing in SO(1, 3) there are additional rules we must take into account [8].
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and take its Hodge dual, we may find that
*S =H (1.5.27)

where H symbolizes the 3-form made from the totally antisymmetric part of the torsion tensor:

H,uyp = T[My/)] (1.5.28)
and so
H =T A" A e (1.5.29)
We can then easily verify that
S=xH (1.5.30)

This result can also be obtained by application of the formula [7]:

#(xA) = (—1)PP-P+D-1 4 (1.5.31)

for a p-form A in D dimensions. Finally, the third irreducible part of the torsion tensor is the tensor g,,,, which
is the traceless part of the torsion tensor,

qhvr =THP — (TVgh? — TP gh") + nhr° S, (1.5.32)
whose trace and pseudotrace vanish by definition, as can be easily verified:
¢ =0 (1.5.33)

The traceless torsion tensor is antisymmetric in its last two indices, just like the torsion tensor. The latter can
then be written as'4

‘ THYP — (Tugup _ Tpg/w) _ n/mpasg + q/LV[] ‘ (1.5.40)

It is then easy to show that the totally antisymmetric part of the torsion tensor is

’H;wp = Tlpvp] = —NuvpoS” ‘ (1.5.41)

This will become relevant later on, when we examine a string-inspired model. Having the above decomposition
of the torsion tensor in mind, we are immediately interested in calculating A in terms of the irreducible
components of the torsion tensor. We find that

3 1
A= 6T, T" + 58uS" + 50 (1.5.42)

Proof

In order to calculate this result, we need to make use of Equation (1.5.21) which we repeat here:
A [ 1 Apv 1 VAL
A =TT " — §T wox + ZT Iy (1.5.43)

We will calculate the three terms appearing one by one and then take their sum. For the first term, we have

14There is one more convention for the decomposition of the torsion tensor:

1 1
THYP — g(T”g“P —TPgh”) — 677WPJSU + gHvP (1.5.35)
where we have defined
Ty =T"uv (1.5.36)
and
Su = anUMTVpU (1.5.37)
This convention is used in [9]. In this convention, we get that
2 1 1
A = —gTHTM + ﬂSuS“ - ZqAHVQ)\/,w (1.5.38)
and 1 1 1
KA — g(T)‘g‘“’ — TV — En*‘“’”s,, + 5qA*“’ (1.5.39)
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that
—TA, T = TA T * = 3T, T" * = 3T*T",,, = —3T*T",,, = —9T,T* (1.5.44)

For the second term, we have that

T)\HVT;LL/)\ == [(TMgAV - TVgAM) - nAMVpSp + q/\w] [(Tugu)\ - TAg,uv) - npu)\/-cSK + q,uy)\}
0

Keeping in mind that ¢ is a totally antisymmetric tensor, we note that the terms above vanish either due
to symmetric-antisymmetric parts being contracted or due to the vanishing trace of q. Proceeding with the
calculations, we have that

TAMVT[}.I/)\ = |:(Tﬂg>\y - TygAM)(Tl/g,u)\ - T)\gpu):| + |:77[LUAKT’HVAP SpSH:|
—_———
=—68%
0

0
_%_M+ M Qo

= {T“Tu 9 gux —T"Tx g™ g =TT,y g™ g +T"Tx g™ gy }
N—— —— —— S——
=5 =52 =4 =52

— 65,5° + ¢ g

Therefore, we get
T Ty = —3T, T — 65,5° + ¢ (1.5.45)

Finally, let us turn our attention to q)‘/“’qu,, A. By combining the vanishing pseudotrace and the antisymmetry
property of the last two indices of ¢,,,, we can easily show that it satisfies the cyclic identity:

Dy + Qo + Qurp =0 (1.5.46)
We can now multiply this with ¢** and thus get
O D + O s + O Gury =0
Then, we have that ¢*¥q, w= fq““’qw = q)"’“qw » and therefore the above equation becomes
M g + 2 quur = 0

From where we finally get that

Apv

1
M Qo = —iqk’”qu (1.5.47)

This means that 1
T T,,» = —3T,T" — 65,S° — iq)““’qMW (1.5.48)

Therefore, the second term in A can be written as

1 3 1
—iTA“”TW,\ = ST, T" +38,5" + qu*‘”qw (1.5.49)
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For the third term, we follow the same procedure as before:

TVAMTV)\/_L = TM“/T)\;LU

= [(Tugku - Tygku) - nAMVpSP + unu] [(Tug)\u - Tug)\u) - nApunSH + (I)\,w}
0

= (TM!J)\V - TVQAM)(TMQM - Tugku)} + [(Tﬂg)\u - *muwﬁ”)]
L 0 0

= PS,) ]+ (T =P M anw | + |(Tugrw =Fogn) ™

+ [(TMQAV —-T
+ [—UAWPS/; + qAHVjI [_nkuuns’{ + q/\uu]

where the terms that vanish do so either because of contraction between symmetric and antisymmetric parts
or because q is traceless. Proceeding with the calculations, we get that

TVAMTV)\H = {(Tugkv _ T”g)‘u)(T#g)\u = Tl,gm)} + [_n/\uupsp + unu] [_n)\WHSm + CIAW]

= |:TI~LT# gAVgAV 7TMTI/ gAVgA,u 7T,LLTV gAugAM +TVTV g)\ug)\p :|
=4 5 % =4

m
\ 0 0
+ |:77 #Vpn)\ul/m SHSp:| _%_W'F Q)\MVqM“/
—_——

=VI’\‘“’”7IMM
A A
= GT#TM + n Hypn)\#y;{ SHSP ale q)\uyq i
————
=—65%

=6T,T" —65,5° + qmyq’\‘“’

Thus, the third term is

1 3 3 1
27 Do = GTUT" = 38,57 + 10 (1.5.50)

Adding it all together, we get that

1 1
A= 7T)\>\IU.TVDM - iT)\'uVT;w)\ + ZTV)\HTD)\[L

3 1
= 76T#T'u + islu‘su T iunyq)\‘u,y

which is the result we set out to prove.

Finally, we shall calculate the contorsion in terms of the irreducible parts of the torsion tensor. We find that

1
iqMW (1.5.51)

v v v 1 v
KAy — (T’\g“ - T guk) _ 577/\# p5p+

Proof

We start from the expression for the contorsion tensor in terms of the torsion tensor:
K — %(T’\’“’ 4T 4 Tu,\u>
and the expression for the torsion tensor in terms of its irreducible components. We have that
TAw (T[Lg)\l/ _ Tl/g)\,u) _ nA;prp TP

Tp)\l/ —_ (T)\guu . Tug,u,)\) o nu)\upsp + qp,/\u
_ (T/\g/uj o Tug)\u) + nAuupSP o q)\u,z/
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Tl/)\;,t — (T)\guu o Tugl/k) _ nu)\upsfp + ql/)\u

_ (Tkguu _ Tp,gu/\> _ nkuupsp + q/\/u/
We now simply take the sum:

1
Apv v, A Apv Apv
KAn :2[(W_Tgu)_nupgp+q;
+ (TAgh = TV g*) + pees, — N
+ (g~ o) - ey

1
_ 5 |:2(T)\gp,1/ . Tl/g)\u) . nAuupSP + qA;u/:|

Therefore, we get

1 1
P()\}Ll/ (T)\g,uu Tugu)\) 5,r])\;tt/psp iq)\;uz
thus completing the proof.

This expression for the contorsion will be useful when we look into Quantum Electrodynamics in curved space-

time with torsion in the next chapters. Then, we will see that the fermions couple to the totally antisymmetric
part of the contorsion, which turns out to be the irreducible part S of the torsion tensor.
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Chapter 2

Quantum Electrodynamics in
Einstein-Cartan Theory

In this chapter, we will study Quantum Electrodynamics in curved spacetime with non-vanishing torsion
(Einstein-Cartan theory). We already have a description (the action) for an Einstein-Cartan spacetime with
torsion. In this chapter, we’ll add an electromagnetic field alongside a fermion field coupled to it while it’s in a
contorted and curved background spacetime. We’ll then proceed to find the equations of motion and see that
the presence of torsion modifies the Dirac equation. Finally, by making some additional assumptions we’ll see
how torsion can give rise to an axion with which the fermion interacts.

2.1 The Contorted QED Action

In the previous chapter, we presented the gravitational action that describes a contorted curved spacetime. To
describe Quantum Electrodynamics (QED) in such a background spacetime, we need to add two more action
terms: A term that couples the fermions to the electromagnetic field in a contorted and curved spacetime, and
a term describing the electromagnetic field itself. To do this, however, we must define a suitable covariant
derivative that acts on spinors.

2.1.1 The Gravitational Covariant Derivative of Spinors

The proper covariant derivative for spinors is called the gravitational covariant derivative and is defined as [5]:

Dy = dip — %aabaabw & Dutp = d1p — iwww‘“’w (2.1.1)

EJJ = dﬂ) + iwalﬂzaab < E/LJJ = a/ﬂj) + %w/tabfbaab (2.1.2)

where 0% is defined in terms of the v matrices in flat space'®:

ab — Liya b 2.1.3)

7 T3

2.1.2 Action for Spinors in Contorted Curved Spacetime

To express a spinor field coupled to the electromagnetic field in a contorted curved spacetime background, we
just need to adjust the known action of free fermion fields in Minkowski spacetime, given as,

. B _ 1 —
Shigh =3 [ @00 - 0, dv v die = [ 6510, + he)dto 2.1.4)

to account for the coupling to the electromagnetic field and the gravitational background. This is done simply
by replacing the partial derivative with a covariant derivative:

D, =D, —ieA, (2.1.5)

15These are the familiar gamma matrices used in Quantum Field Theories. Gamma matrices with Greek indices, which will be encountered
later in the text, are dependent on the spacetime coordinates, unlike the Latin index ones, which are constant.
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where Eu is the gravitational covariant derivative, A4, is the photon field and e? = 4ma, where « is the fine
structure constant (the coupling constant of QED). Finally, we need to replace d*z with \/—gd*z in order to

have diffeomorphism invariance. Therefore, our QED in contorted spacetime reads as

urve orsion 1 - D)
sgugerTorsion — o [y (D) + hee)y=g d's

When we expand this, we get

SCumed—&-TOTsion _
QED -

—

_i;/}’y"[(Du —ieA,) Y] + h.c} V—gd‘z

gy Db + ey ip A, + h.c} V—gdiz

Il
N = N = N =
\\

7D — z’(DW)M VFadate [@av=gdt

(2.1.6)

We can now split the gravitational covariant derivative into the parts with and without torsion. More specifically,

for Wyap = Wyap + Kaup equations (2.1.1) and (2.1.2) become:

— )
Dyt = Dyto = 7 Koy ™ v

_ _ _ g "
D,y =D,y + ZKWWU b

The resulting action after the split therefore can easily be shown to have the following three terms:

. 1 _ _ _
SoppettTorsion =3 / [W’Y“Dm - i(Dw)v“w} V—gd'z +e / (' p A )V=gdia
1 _
+g [ P00 oKy

By using the identity [5]

{,yc’a_ab} — 2€abcd’}/d’75

we find that
urve orsion 1 .7 . - —
SopntT =5 / [ZW"DW - Z(D/ﬂ/))v“w] V=gdiz + 6/(¢W“¢AM)\/—9 d'a
]. - 5
+7 / ey VYK g/ —g d'n

The first two terms are the action terms for QED in curved spacetime without torsion:

seset =5 [ D - 0,000 | V=g s v e [@rrvanvgds

We now focus on the third term that contains the torsion,

. 1 _
SoEb ™ = § / e Wy Y Y Kaepy/—g d'a

1 _
= _1 / Eadew'Yd’YE)wKacb V=g d41‘
From equation (1.5.51) it is trivial to show that
eadeKacb — 3Sd

Thus, only the pseudotrace part of the torsion tensor couples to fermions, giving us

1 abec 7. 3 -
i / ey NV YK yep/—g dre = -1 / Sy i/ —gd s

(2.1.7)

(2.1.8)

(2.1.9)

(2.1.10)

(2.1.11)

(2.1.12)
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Furthermore, we recognize

(F°) = Py yep 2.1.13)

as the fermionic axial current. Therefore, the action term that contains the coupling of the fermions to the
torsion can be written as

—g/suiw“wf’w\/—gd“x: —§/Su(j5)“\/—gd4x= —E/S/\*f’

4

Proof

We want to show that the term involving the torsion can be written in differential form notation as indicated
above. To do that, we’ll first use the definition for the Hodge dual (Equation (1.5.4)):

3
—1/5/\*3’5: /S dat /\ )npy,{)\dm A dz"® A da
=—7 S( 5)p Npverdz® A dz” A dz”® A dz?
=—/=gnrvrEidig
3 1 .
— _,'_1 ?SN(]S)[) npun)\nlum)\ /jgdzlx
! ———
=—60%
=_—— / S.(5°) /=g diz
and we have thus proven what we wanted.
and so the action becomes
Sg%aged+Torsion _ SCurued + STorétorL — C’uﬂjed /S A *.7 (2114]

2.1.3 The Electromagnetic Field Action

We must now consider the action for the electromagnetic field. Obviously, we choose:

1
Sem = —Z/FWF“”\/TQCZ% (2.1.15)

which can be rewritten in terms of differential forms as

Sem = —%/F/\*F (2.1.16)

However, we have not yet made the definition of the field strength F},, clear. In Minkowski (flat) spacetime, we
would define
F=dA=F, =0,A, —0,A, (2.1.17)

In curved spacetime, we usually follow the prescription of replacing partial derivatives with covariant ones.
Therefore, in the case of the electromagnetic field strength tensor, for curved spacetime without torsion, we
have

F,, =V,A, -V,A, =0,A, - 0,A, (2.1.18)

and, as we can see, this expression reduces to the flat spacetime one because the Christoffel symbols are
symmetric. However, in the presence of torsion, there is an extra torsion term:

F‘;w = ?,U,AV - vuAp, = 8,uAI/ - 8VA;L + TA;J,VA/\ = Eu/ + T)\;WAA (2.1.19)

It is then obvious that in such a case F),, F"* is no longer invariant under U(1) gauge transformations A, —
A, + 0,A(x). Therefore, if we were to choose a non-minimal action for the electromagnetic field, where a
coupling of A, to torsion is present, we would either have to give up on gauge invariance (which is problematic
in terms of theoretical consistency of the theory and also contradicts experimental results) or we’d have to
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modify the gauge properties of the vector potential and add a mass to torsion (which can also be problematic,
see [5] for a short discussion and further references). This incompatibility of torsion with gauge bosons was
first pointed out by Kibble [10] and, since then, the dominant point of view is that for massless gauge theories
one should forgo the usual prescription of replacing partial derivatives with covariant derivatives in order to
preserve gauge symmetry [11], i.e. we will be using (2.1.17). In contrast, for massive vector fields one should
adopt a coupling with torsion by using the torsionful covariant derivative. For further arguments for this
minimal coupling procedure, see [12].

2.1.4 The Gravitational Action

In the previous chapter we saw that the torsion part of the gravitational action is expressed through the scalar
A. Then, we saw that in the fermion interaction term, only the completely antisymmetric part of the torsion,
Sy, contributes. We can split A into a part that contains the antisymmetric part of the torsion and a part that
contains the trace and traceless parts:

- ngSd +A (2.1.20)

With this in mind, the gravitational action breaks up into three components:

_L A — 4 v d 4
SEc = e /(R-ﬁ-A)V gd .’)3—|—32 G/SdS vV—gd*x (2.1.21)

The last term can be rewritten as
/Sde\/—gd4x = /S A xS

and thus the gravitational action is

1 ~
Spc = e (R+A)/—gd IJFW/S/\*S (2.1.22)

2.2 The Equations of Motion

We can now write the full action that includes the background gravity, the electromagnetic field and the fermion
interacting with both:

-~ 1
T 16wG

3 f [z’WDMw - z’(Duw)v“w} VEgdio v [(@rvayTgats - [ A

3 1 [

By varying with respect to A, S,,, Ty, @uua¥, 1) and the metric we get the Maxwell equations, the torsion equa-
tions of motion, a modified Dirac equation and modified Einstein equations.

2.2.1 The Maxwell Equations

Let us initially consider varying the action with respect to the electromagnetic field A,. Most terms do not
contain such terms and thus their variation is zero. The only terms that contribute are

— 1
SMazwell = 6/(¢7”¢Au)\/jgd4x —5 /F A xF
- 1
—c [@rea)vgate - 1 [ FureyTgits

Variation of this action gives the usual Maxwell equations, which in differential form notation are written as [5]

2.2.3)

dxF = xj (2.2.4)

is the four-current, i.e. the Noether current of QED.

(2.2.2)

where
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2.2.2 The Torsion Equations of Motion

Now, let us vary the total action S with respect to the antisymmetric part of the torsion S,,. Again, only the
terms containing S, contribute and therefore the action that has non-zero variation with respect to S, is

_ 3 3 .5
STorszon - 3970 /S A %S 1 / S A *]
3 3 _
- w oS g4 2 TN} — 4
327TG/S“S vV—gd-x 4/Suz/ry YUy /—gd x (2.2.6)
= i/g“’”S Syn/—gdtr — §/S PP/ —g dia
327G pEy 4 "

By varying this action with respect to S, we get the torsion equation of motion:

S, = 47TG1Z7H75¢ = 477Gj2 (2.2.7)

In differential form notation, this can be written as

Now, let us prove this result.

Proof
We start with the action

3 3 _
Siierretan = s Suv/— d4 = 7 S Hoyd - d4
T 327@/9 povV—gdx 4/mwv;;x
The variation of Sto,sion With respect to S, is given by

5STorsion = STorsion [Sp, + 65/,1,} - STorsion [Sp,}

where the square brackets indicate the functional dependence of the action on the torsion axial trace vector
S,.. We, therefore, ought to calculate Storsion[S, + 05,]:

3 3 _
Siereten S =k 0L = 90 /g’“’(Su +385,)(S, +68,)v/—gd*z — 1 /(S,L + 38,y v b/ —g dix

= STorsion[Su) 9" (8,68, + S,68,)v/—gd'z

+ 327G
3 _
- /55“#1/}7“751#\/—9 d*z 4+ 0(65%)

We ignore terms that are of second order in the variation of the torsion, and thus we have

Storsion = oo [ 9(8,08, + 8,88,)V=g d'a = 5 [ 68,0 P vy g d's
!

3 3 =
— n — 4., 2 HAD — 4
T6:C SHOS N —gdix 1 /JSM/W v2y/—gd x
3 3
= L N N —gd*
/[167TGS 41/}7 y 1/}](55#\/ gd'z

The variational principle dictates that

5STorsion
4 orsion — 4
Sy / 5505,

with the equations of motion being:
5STorsion

=0

55,

In our case, 59 3 3
Torsion _ w2 AD
35, G- —4VT Y
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and thus the equation of motion for torsion is:

3
167G

3_
St — 197" P =0

This can be simplified to give 3
Sy = 47TG’(/)’}/M’Y5’¢ = 47rGj2

which is the desired relation.

This formula encapsulates the relation between spin and gravity that is characteristic of Einstein-Cartan
theories. On the left-hand of the equation we have the one-form S, a geometric quantity related to torsion, and
on the right-hand side we have axial fermionic current, which contains spinors, i.e. the spin % representations
of the Lorentz group. Next, we vary the action with respect to T, and ¢,, . The only term in the action that
contains these fields is the term containing:

. 1
A= —6T,T" + iq)‘“”qAW (2.2.9)

Variation with respect to these terms is trivial and gives

(2.2.10)
@2.11

Therefore, the trace and traceless part of the torsion do not play a role in this theory.

2.2.3 The Modified Dirac Equation

Next, varying with respect to the spinor field ought to give us the equation of motion for this kind of field. We,
of course, expect this equation to be a generalized form of the Dirac equation that accounts for the curvature
and torsion present. We will vary with respect to 1, as is usually done, in order to get this equation. Of course,
only the terms of the action containing v contribute to the variation and therefore the relevant action is

1 _ - - 3
SFermion = 5/ |:i1,[1’YILD;Lw — iD/Lw’YMZ[}:| \/jgd‘lx + 6/(1/)7/‘1/)A1L)\/jgd41; — Z/S AN *j5

(2.2.12)
1 = = - 3 _
=3 / {WV”DW - ZDWVW} V=gd'z + 6/(¢7“¢Au)\/—9 d'z - / S Y=g dis
By varying with respect to 1) we get the modified Dirac equation
o 3 Ly 5
Dt = 5"y =0 (2.2.13)

We will now show the derivation of this equation.

Proof

Once again, variation with respect to ¢ is given by

6SFermion = SFeTmion W + 627]] - S[’J}]

and 59
5SFermion = /Mé@
ot
and we demand that
6SFermion
ZElermion _
oy
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Let us perform the computations. We have that

Sermion+ 71 = 3. [ [iGh+ 6017 Dy ~ (DT + 8Ds | V=g '
+e [@+ 50t edngate— ] [ Su@+ 800 ey=gdis
~ Seaminli] + 5 [ 1637 Db — (D070 | V=g '
+e [Sprpangate -3 [ s.50Peygdts

For the term involving the covariant derivative of the variation §1), we can do a partial integration:

0
—5 [ D ovgate = QW +3 [iDu0)5y=gats

where the total derivative term cancels as it can be show to be a boundary term through Stokes’ theorem,
and therefore we have that

1 - _
55Fermion = 5 / {i&W”DMﬂ + iDH (7#7/})61/)] \/jgd41‘
ve [Srva=gdie -5 [ 5,60 Puy=gdts

We have that
Dy (v*9) = (Dpy*) + v Dt

It is possible to show, using the metric compatibility condition, that [13]
D}ﬂ” =0 (2.2.14)

and thus we get that
Dy(v*4) =Dy

and therefore the variation of the action becomes
3 3 ~
55Fermion = / Z’Y“D;Mﬁ + G’Y“?/JA;L - Z ;L’Y”’YW)} 5'¢} V=g d4fE

= / W“DMJ - ie’Y“WAu - iS//YM’YSw] 517}\/ -9 d'z

3 3 ~
— [ [ D0 - S50 |6y ata
Demanding that the variation of the action vanishes we get the modified Dirac equation

. 3
Z’Y#D/ﬂ[} - ZS/L’Y#FYSMJ =0

which is the desired result.

We can now replace S, in the modified Dirac equation with the axial current, just as we found from the torsional
equation of motion. We get that the modified Dirac equation can be written as

VD — 3rGYy* Y Yy P = 0 (2.2.15)

Hence, the Dirac equation becomes a non-linear equation. This non-linearity comes from the term in the action
where the torsion couples to the axial current. If one keeps in mind the torsional equation of motion, that term
turns into a four-fermion interaction term, a characteristic of Einstein-Cartan theories.
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2.2.4 The Einstein Equations & the Stress-Energy Tensor

Finally, varying with respect to the metric gives us the Einstein equations

G = 87GT), (2.2.16)

with the difference with the usual General Relativity formulation being that the stress-energy tensor 7}, now
contains additional terms due to the presence of torsion. More specifically, we have [5]

_mA ) S
Ty = T;w + T;w + TW

where [14]

1
T;qu = F[}.)\FV)\ - ZQ;LVFApFAp (2.2.17)

is the familiar stress-energy tensor for the electromagnetic field from torsion-less gravity. Moreover,

1] - ) — 3., -
T';Aby = _5 qu/(upu)d] - Z(D(;ﬂ/))%)ﬁ/ =+ ZS(M/)’YV)’Y51/) (2.2.18)

is the symmetric stress-energy tensor for an on-shell fermion, which includes a torsion contribution. We shall
derive this result.

Proof

The derivation of the on-shell fermion part of the stress-energy tensor comes from the part of the action that
contains the spinor v, i.e. from the same part that gave us the modified Dirac equation:

1 [T~ _ _ 3 [ _
Seermion = 5 [ 7Dt = D] v dte v [@ruavgate - [ sbrtey=gde

The stress-energy tensor for an on-shell fermion is defined as

7 — __2 OSPermion (2.2.19)

V=g g

and thus to derive the stress-energy tensor we must find the variation of Sgermion With respect to dgH”.
Before taking the variation of this action, we expand the gravitational covariant derivatives according to
(2.1.1) and (2.1.2) and get that

1 = = 1-
SFermion = 5 / [WW”auw - “%WY‘WJ + 11/’ {,}/N7 wll«} 14 V—g d4{IJ
_ 3 _
+ e/(m%Au)\/—g d'z -7 / Syt Yy =g d'x

where w,, = wuabaab. We must now take the variation with respect to the metric. The presence of spinors
inevitably leads to a dependence on the metric through vielbeins. Therefore, to vary with the metric it is
necessary to have knowledge of the variation of the vielbeins with respect to the metric. That dependence is
quite complicated and given as a series in powers of the variation of the metric. In first order approximation,
that dependence is [15]:

1
5(@“&) = §gupépaagl—w (2.2.20)

A Qa 1 vp~ a
6(e.") = 397¢5" 09, (2.2.21)

One might be tempted to use the metric to raise/lower an index of the varied metric. However, that would
be a grave mistake as in such a process the variation of the metric used to raise/lower an index is ignored.
As such, we stress that g,,09"” # dg",. This fact should become obvious if we point out that g*, = 0}/ =
dg", = 0. Thus, if the metric could lower/raise indices on the variation of the metric we would get 6(é",) = 0,
which of course is inconsistent. We therefore understand that only quantities that have a vanishing variation
(such as Kronocker’s ¢ and the Levi-Civita symbol €) can act on the variation of the metric. Another quantity
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dependent on the metric is the volume element /—g, which transforms as [3]

1
ov/—g = 5\/—799”1/59#” (2.2.22)

Finally, the gamma matrices with curved indices actually have a dependence from the metric as well:

a

7“ = é”ﬂ

where v* are the flat spacetime gamma matrices that are constant and thus

. L v 1 v
oyt = ytoet, =+ (2gupepa§gu > = E'YV(SQM

and therefore the gamma matrices in curved spacetime are varied as

1
oyt = 5%59*‘” (2.2.23)

Having the above in mind we can vary the fermionic action with respect to the metric:
3SEermion = 3 [ [ (86110, — 10,8671 V=5 + (B0 — 0,370 ) 6v=9)] a'a
+5 [ 3 [psm ey + o wbuov=a) ato
+e [ [36vyaw=g+ Brvanov=a) ata
=2 [ s+ sdrmtue) de

By expanding (J/—g) we notice that the terms proportional to the variation of the volume element can be
expressed in terms of the fermionic lagrangian L:

5 [ s =5 [ |(i5v0w - 05rv) 0v=a) ato+ 1 [ 5]30mweev=a] dte
e / [m"z/fflu(&/—ig)} d'z — Z / {Sﬂm%%(éx/jg)]d“x
where

. ) ) .
iw'Y#Du¢ - iDM/W“w] \/jg + €(¢7”¢Au)\/jg - 15u¢7”75¢\/jg
T, = e} = (D +ie AT | VG - S5, 070V

T Dt = DT 0] VG - 25,5700y

N~ N~ N

It is trivial to show that £ vanishes "on-shell", i.e. if the equations of motion (the modified Dirac equation)
hold and therefore this term is zero for on-shell fermions, which is exactly what we’re interested in. Thus,
the varied action (now considering on-shell fermions) is

1 ([~ _ 1-
5SFermion = 5/ |:“/}(5’7M)8#¢ - Zaﬂ/}((wu)%/} + 11[15({7“, wu})d] V=g d4.’E
_ 3 _
+e [@ErwA Vgt -] [ 8,50v 0 0y=gate
The next step is calculating 6({7",w,}). We have that

b b
{7*,wu} = Ywuabo® + wpapo y*
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and thus its variation is

S({*,wu}) = {(57H)Wuabaab + " (&Juab)gab + (&%ab)gab'w + Wuabgab(&w)]
= {7, 0wy} + {o7*, wy}

By replacing this expression into the varied action we get that
175 ; — 3, = 1 /-
5SFermion = / |:2 (W(M”)DMZJ - Z(D/L¢) (67H)¢> - 4S“7[1(5’Y#)751/1] V—9g d4fE + é /7// {7”7 &Uu} 1/’ V=9 d417

We now need to calculate the variation of the spin connection, dw,, = (&uuab)aab. From Equation (1.1.20)
we know that

Wpab = nacé/\b éuc F/VL)\ - nacé)\b 6[Lé)\c
To take the variation of the spin connection we must know the variation of the Christoffel symbols with
respect to the metric. This is given as [3]

1
6FZA = igup v,u,(sg)\p + V/\5gup - Vpégu)\ (2.2.24)

The important information regarding to the variation of the Christoffel symbols is that that it’s a tensor
symmetric in its two lower indices. Having this in mind, we can go ahead and vary the spin connection:

Swpab = Nac(06*)eL° Ty + 1ace s (86, )Y 5 + Nac €68, (OT%) — Nac(68™3) (9u8x°) — Nacl™y 9, (661°)

where we have used the fact that partial derivatives commute with functional derivatives. Let us focus on
the last term. We have that

A . e . 1 e
777(1,(:6)\(7 au(ae)\c) = 777(106)\1) a/L(§gap6pc(sg)\a)

1 ~ op\a C o ~C ops C
_in“ce)\b (0u9°")ep(69x0) + 977 (0u)p°)(69r0) + 977,01 (09x0)

By also expanding the vielbeins variations in the rest of the terms, we get that

1 | A
SwWyab = Enacepb é,° FZA (gapfsg/\g) + inace)\b epC ZA (97709v0) + Nac eAbeuc (5FZ>\)
1

N A C o 1 A s cC o 1 N 5 C\( O
- §nacepb(3ﬂex )(gopég)\ )= 577ac6)\b €p°(Oug p)(‘sgko)*gnace/\b(auep )(9°Pgx0)

1 A s cCc o
- §naceAb €p 9 pﬁu(@,\o)

Now, we focus on the underbraced term. We will use the very useful property:

\5ng = ~Gougp 09" \ (2.2.25)

This result is easy to show and follows from the fact that §(g""g,,) = §(65) = 0. Therefore, we have that

1 PN s~ C o 1 A s~ C g K 1 s ~C K
—§nace%(3u6p )(97P09r0) = +§77ac€>\b(8uep )(9°° 9oegrndg™) = inace%(%% )(0£97n 09" )
1

~ ~ P 1 ~ A c K
= 577(106)\b(8u6p )(gkndg p) = 577acepb(8ue/\ )(gmpég A)
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where in the last step we renamed the indices )\ <> p. Having this in mind, we rewrite the variation of the
spin connection,

1 | A
SwWyab = inacepb é,° FZA(gap(sg/\g) + inaceAb epc ZA(ggp5guo) + Nac eAbeuc (5FZ>\)

1 A A o 1 ~ A o 1 A e K
— S Nac bl Br N Gad8) = 5act s &5 (D™ ) (00r0) + Gl I(Gudg™)

1 A 5 o
- inace)\b epcg pa,u(égka')

and observe that the two terms involving the partial derivative of the vielbein cancel out. We can then
regroup the remaining terms as

1. . o o 1., . v o 1y, v o
5w,uab = — Nac |:26>\b epC <(aug p)((;g)\a) +g pau((sgka)> *iepb euc F;L)x(gap(sg)\ ) - ieAb echuA(g p59ua)]

:au (.‘]gpég)\o)

aln Nac éAbéVc (5FZA)

The inverse of Equation (2.2.25) is

(2.2.26)

‘ 59" = —g7" 9”090

We use this relation to lower the indices of the variation on the second term:

1., . c 1w o 1., . cTv Kk O 1., . c T K
_iepb €v Fu)\(gapég)\ ): iepb €v Fp)\(gapg)\ g g(sgnf) = iepb €v 1—‘,‘,\(559/\ 59/{5)

L 2
= 56% &, T3 (9™ 0gxp)
and therefore the variation of the spin connection is

1. . c o 1., . c v K Lox . cwv o
5wuab = — Nac |:2€)\b €p au(g pagko) + iepb €y M)\(gA 59%/}) - 5(’}5 €p M/\(g pégua)]

verp & Ak VK
2\ 2
+ Nac € b€ ° (6F,Z)\)

We now make the index renaming indicated in the underbraces above. We get that

1 2 ~cC o 1 AU A C K 1 ~ A CTR o
6Wpab = —Tac |:26>\b €p au(g pég)\a) + 53 b€p FZn(g)\ 69)\1/) - 56)\1; €p Fp,)\(g pégmo—)]

Ao Vo

+ Nac é/\béuc (5F;VJ,A)

Another renaming of indices (indicated above) results in

1.5 . 1., . 1.5 .
&Uuab = — TNac |:e>\b epcau (9770gxr0) + §eyb epc FZH (97"090v) _56)\1) epc ZA (ggp6gﬁa):|

2
VA
+ Nac é)\béuc (5FZ>\)
A final renaming of indices results in
1A)\AC op 1A)\AC 0 oK 1A/\ACH op
5wyab = — TNac 56 b€p 8,u(g 59)\0) + 56 b€p Flm(g 590)\) - 56 b€p #A(g 591{0)

:%ékb épcvu (QGP‘;gAa)

+ Nac éAbéuc (5FZ)\)
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where we observe that the quantity in the brackets is the covariant derivative of (¢°dg,,). By making use
of the metric compatibility condition, the metric commutes with the covariant derivative and thus the final
expression for the variation of the spin connection is

1 . A A
OWpab = *iﬂace’\b €,°97°V . (69x0) + Nac e, © (6T) (2.2.27)

We are now ready to calculate the term 1 {v*, 0w, } ¥y/—g. We have that
77) {/YM7 5(4}#} ’(/} V9= /(Z {’ycv Uab} wéucdwuab V=g
After using identity (2.1.9) we get
B {7*, Swu} Pv/—g = 26" aihy P et cowpany/—g
We replace the expression for the variation of the spin connection and get
'@7] {'7uv 5‘“#} Y=g =— fabcd{b"/d75wéucnamé/\b épmggpvu(égAa) Vo)
+ 26abcd&7d75¢é“cnam ékbéum (5FZ)\) V=9
It is quite easy to perform the contractions with the vielbeins and the metrics and get
b {7, 8w} Yv/=g = — €M 4 Py YV, (69r0) V=9
+2e, Mg Py (6T%x) V=g
e and ——

We know that both the variation of the metric and the variation of the Christoffel symbols are symmetric
under exchange of their indices. Therefore, contraction with the Levi-Civita symbol results in the vanishin
of both terms,

Y {7, bwut /=g =0 (2.2.28)

and thus the term that includes the variation of the spin connection does not contribute at all. We can now
go back and rewrite the varied action:

1/ .- ) - 3, -
0SFermion = / {2 (21/)(57“)13#1/1 — Z(D#’l/})(é’yﬂ)’l/)) = 4Su¢(5yﬂ)75¢] /=g d*z
where we now replace the variation of the gamma matrices and get

1(1/.- = 3, -
5SFermi(m = / 5 |:2 (WJ%DMJ - i(Duw>7u¢> - Z p.le/YSw] \/jgdg#V d4$

It is now useful to notice that if A,,, is an arbitrary tensor and B*" is a symmetric tensor, then

1 1
A B = = (A B* + Ay BY) = = (A B + A,,B") =

1 v v
=9 ) (Auw + Avy) B¥ = Ay B*

Therefore, since dg"” is symmetric, we have that the final form of the variation of the fermionic action is
1(1/ .- . =7 3 v 5) pv 34
0SFermion = 5 5 MZW(VD,LW - Z(D(M/J)%W - Z&;ﬂb%ﬂ 1/) \% _gég d*z (2.2.29)

We can now employ the definition of the stress-energy tensor, given in Equation (2.2.19) and find that

17 - - 3.
va = 75 |:Zw’7(uDu)w - Z(D(m/f)%)ﬂf} + ZS(MZJ%)’YW)

which is the result we wanted.

Finally,

3 1
TS, = *R(S/LSV - §g,wSASA) (2.2.30)

is the stress-energy torsion attributed to the torsion.
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Proof

This part of the stress-energy tensor originates from the torsion-only parts of the action, i.e. from

3
A —gd*
St 39ma | 9 SuSuv—gd'x

Since we consider S, to be an independent variable, only g and y/—g have a non-zero variation. Therefore,

3Sr = % / {(69“”)Susuw—g +9"8,8,(6V/~g) | d*x

We can now use the property

1
o/—g = —5\/—ggw,5g’“’ (2.2.31)

which is easily obtained by Equations (2.2.22) & (2.2.25). This gives us:

3 1
o — pury = Ao — uv 4
0ST = 73271_(;’/ |:SMSV\/ g(5g ) 29 S)\So\/ gg;ux(ég ) d'x

3 _1 Ao /_ pvy g4
327TG/ |:S[_LSV 29 S)\Sagul/:| g(ag )d z

Thus, the variation of the torsion action is

3

W 167G

1 1
/ 3 [S#SV - QSAS’\gW} V—9(5g"")d*x (2.2.32)

We now apply the definition of the stress-energy tensor (2.2.19) and find that

3 1
T = ~To-q Sy = 50mwSrS")

which is the desired relation.

2.3 Anomaly and Axions

In the previous section, we derived the classical equations of motion for our system. From Equations (2.2.8)
and (2.2.13) we get that the axial current jz = w’y,[fw is conserved. This would, in turn, imply that the torsion

is conserved, i.e.
(2.3.1)

S = S)\dl‘/\

This can easily be seen as we have that

and thus, by definition of the Hodge dual,

1
xS = ms)\’r])\ul,pdm“ Adz? A dx”

Then, by definition of the exterior derivative,
1
d+ S = gagSAmedx” Adx? Adx¥ A dx?
and by direct substitution of Equation (2.2.7) we get that
1
d*xS = 5477G&,(j5))‘n>\m,pdm" Adz? ANdx” NdxP =0

which vanishes, due to the conservation of the axial current. Therefore, the torsion is shown to be conserved
as claimed. However, it is known from Quantum Electrodynamics that the axial current is not conserved when
we pass onto a quantum theory due to an anomaly that shows up in the one-loop level. More specifically, the
axial current has a non-vanishing divergence given by [5]

2

dxj5=—-S_FAF

yo - 967&(1’% A R) (2.3.2)
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or, written in components,

-5 62 v 1 DPouV (LD

Vj - ﬁFu (*F,LW) - 19272 RP7H (*Rpa;w) (2.3.3)

where

1
*Ful/ = 5 vV —g €u1/)\f€F>\K (2.3.4)
and
= 1 =  AK

*Rpauu = 5 vV —g 6;1,1/)\an0 (2.3.5)

are the dual quantities to F),, and RMW. At this point, it must be stressed that we’re dealing with a semi-
classical approach to the effects of torsion in Quantum Electrodynamics. That means that, in the absence of
a quantum theory of gravity itself, we use a classical theory of gravity (i.e. we consider a classical geometric
background) and consider its effects to the matter fields. Hence, while the axial current non-conservation
implies that the torsion field is not conserved either, we do not actually know the quantum behavior of S. This
means that there might be more contributions due to quantum effects we aren’t aware of. A possible route to
take is to hypothesize that torsion is conserved (i.e. Equation (2.3.1) holds) even though the axial current is not
conserved. We will give arguments supporting this hypothesis in the next chapter. This hypothesis can then
be shown [5] to lead to the replacement of torsion by a (scalar) axion field ¢, to which the fermion field couples.
To show this, we will follow the path integral formalism and apply the conservation of torsion (Equation (2.3.1))
as a constraint [5]. The full path integral for the quantization of the system is

Z= / Dg Dy D DS 519445 (2.3.6)

where S[g, 1, fﬁ, S| is the action functional dependent on the metric, the spinor and the torsion. We are only
interested on the torsion part of the path integral:

ZS:/DSeXp{i/(32:;(;/5/\*5—2/5/\*3'5)] (2.3.7)

By making use of the constraint (Equation (2.3.1)) the torsion is replaced by an axion and we get the following
result:

76 = [ Dot [ = 50u00) — 55y - ik ) v=aate] 2.38)

Proof

To enforce Equation (2.3.1) as a constraint, we introduce a functional delta function to the path integral:

c _ _ 3 3 5
Zg /DSé(d*S)exp[z/(SQFG/S/\*S 4/5/\*3 )} (2.3.9)

This delta functional can be written in integral form as'®
§(d* S) = /D@ei S (2.3.10)
Therefore, the torsion path integral becomes

3 3
C __ . 2 -5
7 _/DSchexp[z/(S%G/s/\*s 4/5/\*3 +<I>d*S)] (2.3.11)

We can write this path integral in index notation as

Zg = /’DS'D(I) exp [z/ (323GS”SM _% #w,yu,fq/]—k@aﬂsf‘),/—gd‘lx} (2.3.12)
i
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Now, we integrate the last term by parts and get

.

3 3, -
Zg = /DSD@ exp / <327TGS“S# ~1 LYY — (8@?)5’“) \/—gd4:c}

3 3
= —_— P — - o © - £
/DSDq)exp_ /(327TGS“S [4ju+(au¢))] S >\/ gd x}
[ 3 327G
= ) —_— B a - 4
/DSDCDeXp _2/3271'G (S,LS 3 [4 Jn (8H<I>)] S )\/ gd x}

[ 3 321G
pr— ) —_— T M - 4
/Dsp@exp _1/3sz <S S |:87TG]u+ (D @)] S >«ﬁgd x}

=2b, ()

.

Now, it is possible to complete the square:
Zg/Dspcpexp[i/323G(S St —2b,S" +b,b" —b b“)\/ d*x ]

_ [ 3 —b)2—b, b |/—gd*
_/DSD(I)CXP[Z/327TG((SH bu) bub> gd 4

We therefore have a gaussian path integral over the torsion field, which gives a constant which can be
absorbed by the measure D®. Therefore,

3
C _ s 2 w4
Zg —/Dfl)exp{ Z/327er“b vV—gd x}

Now, all that’s left is to calculate b,b*. We have that

1 327G 2
bub = 4 {SWGji " 0, @)} [8776'(]’5)“ 5 ”G(a%)}
1 255, [321G\? ; 516-32m2G2
— 1 |BrOREGY + (557 ) (0u2)(@'0) + 5= (0")
We also rescale ¢ by setting ¢ = ﬁd) and get

2§ = [ Doesp|i [ ~(2FLR6Y + 50u0)(0"9) + VERGIZ(0*) ) V=g d's]

Finally, we set the constant fy = \/7 and get that the path integral for the torsion has become

75 = [ D<z>exp[z' / ( £(0,6)(0"9) — fm( )M—éji(aﬂas))\/fgd%] 2.3.13)

which is the desired result.

We recognize the presence of a pseudoscalar field ¢ with a kinetic term and a coupling to the fermionic axial
current. These are the exact characteristics that define an axionic field. Effectively, we see that QED on
contorted spacetime is shown to be equivalent to QED in a spacetime without torsion coupled to an axion.

2.4 Summary

Up to this point, we have built up the formalism of Einstein-Cartan theory for curved spacetime with torsion
and have considered a minimal model of Quantum Electrodynamics in such a background. Classically, torsion
is conserved and it has no dynamical character. However, we can argue that at the quantum level, torsion

16This is in complete analogy with the more familiar delta function

dk
) — 'Lkz
(z) ot
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can acquire a dynamical character by being turned into an axion due to the anomaly in the axial current of
QED. This is a very interesting result for a minimal model. However, models beyond the minimal one can be
considered. For example, we can consider a non-minimal model where the torsion couples classically to the
electromagnetic field. This would, in turn, require a modification to the gauge transformation properties of
the vector potential and a mass to be given to torsion (see [5] for further references). This is another way of
obtaining a propagating torsion.

In general, Einstein-Cartan theory has many more points of interest besides those discussed in this text. For
example, it is worth exploring exactly how spin affects the Einstein equations. As it turns out, since torsion
is not classically dynamical, it does not propagate and the Einstein equations are the same as in General
Relativity in vacuum. In fermionic matter, spin does play a role in altering the geometry of spacetime, but the
contributions are important only when the spin densities are extreme, such as in neutron stars and, of course,
black holes. This, in turn, raises a big interest in Cosmological models that include torsion and are based in
Einstein-Cartan theories (as discussed, for example, here [16]). An important characteristic of such models
is the avoidance of singularities, both in the Big Bang and in black holes. More specifically, the Big Bang is
replaced by a so-called Big Bounce [17], which happens after a period of contraction of the universe. Similarly,
black holes do not collapse into a singularity, but reach a bounce and a new, growing universe is formed on
the other side of the event horizon. Thus, the physics at the center of a black hole, which in the context of
General Relativity is an unknown parameter, is restored to a classical level.
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Chapter 3

Extensions of Einstein-Cartan Theory

In this chapter we will expand on the theory developed in the previous chapters. More specifically, we will
examine extensions of Einstein-Cartan theory that include topological terms. Our starting point will be a
discussion about the Holst term, a term that vanishes on-shell in the absence of torsion and is widely used
in the formulation of Loop Quantum Gravity. We will then see that the Holst term is part of the Nieh-Yan
term, a torsional topological invariant. The Nieh-Yan invariant is the divergence of the pseudovector torsion
we saw in the previous chapter and exactly the term we hypothesized to vanish. Here, we will give arguments
that strongly support this hypothesis. Finally, we will see how the anomaly in the axial current leads to the
addition of a Chern-Simons term in the action, thus turning our initial Einstein-Cartan theory into a dynamical
Chern-Simons theory.

3.1 The Holst Action in Torsion-free Theories

It is important to digress a little and talk about the historical developments that led to the consideration of
the Holst term. As such, we will talk about the development of a Hamiltonian theory of General Relativity,
achieved by the "ADM" or "3 + 1" split, and the Ashtekar variables that reformulated the theory into a form
that could be canonically quantized. We will then showcase how the Holst action leads to the "generalized"
Ashtekar variables.

3.1.1 Hamiltonian General Relativity

In 1959, Richard Arnowitt, Stanley Deser and Charles W. Misner [18] made a breakthrough in developing a
Hamiltonian formulation of General Relativity. This so called "ADM split" or "3 + 1 split" involves the splitting
of the metric into space and time components. More specifically, the metric g,,,, breaks into three parts [19]:

qij = Gij (8.1.1)
N; = gio (3.1.2)

N = +/—¢% (3.1.3)

The function N is called the Lapse function, while the vector N; is called the Shift function. The metric g;; is
the three-metric. We are using Latin indices %, j, . .. etc to denote the spatial part of the curved greek indices
W, v, ... etc. The meaning of these three components is the following: If we consider spacetime as a foliation
of hypersurfaces of ¢ = constant, g;; is the induced three-dimensional metric on these hypersurfaces and can
be used to raise and lower the three-dimensional latin indices ¢, j, k, . . . etc. Furthermore, the Lapse function
measures the proper-time elapsed between a point on a hypersurface at time ¢ and a point on a hypersurface
at time ¢ + dt along the normal to the surface. Finally, the Shift function measures the separation between the
spatial coordinates from one hypersurface to the other. An equivalent definition for the Lapse function is

goo = —N? + N;N* (3.1.4)

Having this in mind, the line element in terms of the AD M variables is written as

ds®* = —(N? — N;N")dt* + 2N;dz"dt + q;;dz'dz’ (3.1.5)
Furthermore, the t = constant hypersurfaces have an extrinsic curvature
1 .
ki = 55 (¢ij — DiNj)) (3.1.6)
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where D is an appropriately chosen covariant derivative of the ¢ = constant hypersurface manifold. It can then
be shown That the Einstein-Hilbert action can be written in the form

Spr = / N(kiyk — k2 + Rlq))/gdtd*s (3.1.7)

Where k = k! and R|[q] is the Ricci curvature of the three-metric ¢;;. Going back to the original ADM variables,
the action becomes

1
Sen = 167rG/

The benefit of this reformulation is that, in this form, N and N7 are absent from the action. This means that
the only conjugate momentum to be defined as non-vanishing is that of the three-metric:

(9" 9" — 9" g")(4ij — DiNj))(Gri — D Nyy)

N 3 1.
i + NR[q]| /qdtd’x (3.1.8)

i oL
T = —
a%‘j

= Va(k" —kq') = \/qG" Mk, (3.1.9)

where

1 .

Gijit = Tﬂ(gikgjl + g9k — 9tjgr1) (3.1.10)
is called the DeWitt supermetric. Let us now turn our attention to the fact that N and N; do not appear in the
action. We interpret this fact as the Lapse and Shift functions not being dynamical, and view the vanishing
conjugate momenta as constraint equations:

TN &0 (3.1.11)
TN, ~ 0 (3.1.12)

These constraints are called primary constraints in Dirac’s terminology (a useful source is [20]). If H,. is the
canonical Hamiltonian that we get from the Legendre transformation H = 7%/ gij — L, then we ought to add the
primary constraints as Lagrange multipliers and construct the "full" Hamiltonian Hr = H. + \;C;, where );
are the Lagrange multiplier coeflicients and C; are the constraints. Then, we demand that the Poisson brackets
of the the primary constraints with the full Hamiltonian vanish. This can lead to more constraints, which are
called secondary constraints. Note that we have used ~ in the constraint equations above. This is done to
indicate that the constraints are wealkdly zero, in the sense that their Poisson bracket with some other quantity
can be non-zero. Having this in mind, it turns out that the primary constraints related to the Lapse and Shift
functions give us the secondary constraints

C = Gijumiti — JqRlq] =~ 0 (3.1.13)
which is called the scalar or hamiltonian constraint and
Ci = Dim =~ 0 (3.1.14)

which is called the vector or diffeomorphism constraint. Now, we may continue and express the action (3.1.8) in
terms of the conjugate momentum as

1 o ) 3
SEr = Torc / (szqij — NC — 2]\”6’1-) dtd°x (3.1.15)
In this form, we are able to immediately discern the Hamiltonian density of the theory:

H.=NC +2N'C,; ~ (3.1.16)

We immediately notice that the Hamiltonian of the theory vanishes weakly as it is given entirely in terms of
the constraints, with the Lapse and Shift functions acting as Lagrange multipliers. Since the Hamiltonian is
only weakly vanishing, the equations of motion can still be found by taking the appropriate Poisson brackets.
In this sense, the dynamics of the theory are encoded in the constraints. The constraints that appear here are
first-class constraints. This means that their Poisson brackets with all other constraints and the Hamiltonian
vanish. Dirac conjectured that all first-class constraints in a Hamiltonian system act as generators of gauge
transformations. However, this conjecture has been proven to hold only under additional assumptions. Luckily,
these additional assumptions hold for all physical theories (for details, see [21]).
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3.1.2 Ashtekar Variables

The ADM split served as a basis of formulating a Hamiltonian theory of General Relativity. However, in this form,
it was extremely hard to proceed into a quantization procedure for the theory as the constraint equations were
non-polynomial in the field variables. Therefore, progress in the Canonical Quantization of General Relativity
halted for over 20 years. It wasn’t until 1986 that Abhay Ashtekar [22] managed to find a new set of variables
that resulted in constraint equations linear in those variables. We begin by considering the expression of the
three-metric in terms of vielbeins, also called dreibeins or triads since we’re now in three dimensions.

qij = e*ieB0an (3.1.17)

We are using capital Latin indices A, B, ... etc. to denote the spatially flat (Euclidean) indices. Having intro-
duced these, we can define the triad version of the extrinsic curvature as

ka=e k' (3.1.18)
Since k£ must be symmetric, we get the constraint
Gl = erijk™ k4=~ 0 (3.1.19)
Ashtekar considered then the connection
A = wh kY, (3.1.20)
where wAi is the (torsionless) spin connection of the triad, and the "Ashtekar electric field"
Ei‘ = %EABceijkijeck (3.1.21)
and showed that
{A%(z), AP(y)} =0 (3.1.22)
{E4(2), Eip(y)} =0 (3.1.23)
{A%(2), B 5(y)} = i66] 0P (& — ) (3.1.24)
(3.1.25)

Therefore, the connection and the Ashtekar electric field are canonically conjugate variables. Furthermore, the
constraints are tremendously simplified when expressed in terms of the new variables and are now polynomial.

C = eapcFA;EPIECF (3.1.26)
C; = F4,E 4 (3.1.27)
where [ is the curvature associated with the Ashtekar connection, i.e.
FA = 9;A% — 0;A% + A o AP, A (3.1.28)
Furthermore, the constraint G;, can now be written as
G4 =D,EY ~0 (3.1.29)

which is the familiar Gauss constraint encountered in Yang-Mills theories, and specifically an SU(2) Yang-
Mills theory. Thus, Ashtekar’s new variables allow us to reformulate General Relativity much like an SU(2)
Yang-Mills theory.

3.1.3 The Barbero-Immirzi Parameter

Ashtekar’s new variables may have cast General Relativity into an SU(2) gauge theory, ready to be quantized,
however they also came with a caveat: this theory of General Relativity was complex and thus required extra
reality conditions to be satisfied in order to recover the original theory, which is real. As a solution, Barbero
and Immirzi (for more historical context, see [23]) contributed and showed that instead of ¢ one could use
an arbitrary parameter b, which was later called the Barbero-Immirzi parameter. This parameter could take
on real values, which meant that the reality conditions did not need to be imposed. The trade-off was that
the scalar/Hamiltonian constraint then takes on a more complicated form, which depends on this parameter
(albeit it still remains polynomial, as desired).

C = B'4B g (cc"PFO; = 21+ B)k{KE) (3.1.30)

On the other hand, the vector/diffeomorphism constraint is not dependent on this parameter and thus remains
unchanged.
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3.1.4 The Self-Dual Action

Ashtekar’s new variables were initially conceived on a purely Hamiltonian context. Later [23], Joseph Samuel
and Theodore Jacobson with Lee Smolin independently showed that the action that results in Ashtekar’s new
variables was the so-called self-dual action, which is given as

Sa = 16 G/F b A k(€% N %) (3.1.31)
Here, F',;, is the curvature 2-form that’s related to the self-dual part of the spin connection, i.e.
p=dA% + A% N A% (8.1.32)
where the self-dual connection is given as
A, = % <w,,,ab - ;gabcdwﬁd> (3.1.33)

This action can also be written as the scalar Ricci curvature of the self-dual Riemann tensor, denoted as T R:
1
=— [ *TRy/=gd*
167G / ga
1 N
— R — 'R V—gd 1.
1 6 a / 7 ga'x (3.1.34)

— ;,wpo 4
o | (R 577 o) Va1

It is worth noting that the dual Ricci scalar R= %n“l’p" R, vanishes due to the symmetries of the Riemann
tensor. Therefore, the classical equations of motion remain unchanged.

3.1.5 The Holst Action

The self-dual action is nothing more than the special case (6 = —i) of the more general Holst action, introduced
by Holst in 1996 [24]:

Sy = 161G (R+5R)Fd4

— 6 nvpo 4
- m/ <R+ S0P R e | V=g dtE (3.1.35)
— 4 B uvpo 4

167 G/RV ghwt goea | ¢ R

where [ is the Barbero-Immirzi parameter. The Holst action breaks down into the Einstein-Hilbert action and
the Holst term:

4 5
Sy = 67 G Rv/— d:c+16 G Ry —gdx (3.1.36)

FEinstein— Hilbert Holst

It is then quite easy to show that the Holst action can be written in terms of differential forms as!”

Sy = Tom G /Rab A >I< ) + % *Rap N *(éa A\ éb) (3.1.38)
Einstein—Hilbert Holst
or, written more compactly,
S = oo / (Rup + B+ Rup) A #(&° A &%) (3.1.39)

Just as in the self-dual case, the Holst term vanishes on-shell because the dual Ricci curvature scalar vanishes
due to the symmetries of the Riemann tensor. Therefore, the classical equations of motion remain unchanged
with the addition of the Holst term to the action.

17 Alternatively, an equivalent form for this action is

1
SHz—lﬁwG/e AEY) A xRy — o G/e AEPY A Ry (3.1.37)

To see the equivalence of the two expressions, simply use the property [25] A, A *By = By A xAp for two p-forms, as well as the fact
that the Hodge dual of a Hodge dual is given as #(xA) = (—1)P(P~P)+D—1 A and thus for a 2-form there is a sign difference.
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3.2 The Holst Action in the Presence of Torsion

Equipped with the background from the previous section, we are ready to move on and examine what happens
to the Holst action when torsion is present.

3.2.1 The Einstein-Cartan-Holst Action

The Holst action in the presence of torsion becomes

1 D D ~a ~b
SECHZW/(Rab+ﬁ*Rab)A*(e Ae’) (3.2.1)
or, equivalently,
1 — 8 _
Sp=-—— [ Ropy Ax(é* N &° Roy A «(e2 N éb 3.2.2
H 167rG’/ b/ x(8 e)+167rG/* o A H(ETNE (3.2.2)
FEinstein—Cartan Holst—Torsion

We have already seen (equations (1.5.22), (1.5.21) and (1.5.42)) that the Einstein-Cartan action can be written
as

_ 1 4
SEC—m/(R—&-A)\/ gd'z

where A is given as

1 1
A= K'u)\UK/ﬂ/)\ - K’LLVI/K;I)\)\ = _TA)\;LTVI/# - §T)\#VT'W/)\ + ZTUA#TVMA

or, in terms of the irreducible components of the torsion tensor, as
1

3
A= —6T,T" + =8,5°
p Ty T3

Apv
q ! Arpv

Now, we will follow a similar process for the Holst-Torsion term. We have that

SuT *Rab AN *(éa AN éb)

~ 167G

B
167G

(3.2.3)

/*(Rab + DK g, + Koo AK€ A x(87 A é°)

Once again, we get three terms. The first term is, of course, the Holst term in the absence of torsion, which
vanishes on-shell:

Sury = 15 [ *Rap A (€A &’ = 32€rG P Ryypod*a (3.2.4)
The second term is a surface term, which, as we will see, is the Nieh-Yan topological invariant:
Swr, = L/*DKab Ax(e A éb) = 36 Ou(v/—gS*)d*x (3.2.5)
167G 327G
Proof
It is quite easy to see that
DK, = %V“Ka”bdx" A dz” (3.2.6)
and therefore 1
*DK o = ZV“Ka”bmmda:“ A da? (3.2.7)
Furthermore, we know that
x(e* N ev) = %éaﬂéb”npgfc dz® A dx® (3.2.8)
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The integral can thus be written as

1
/*DKab A (€% A éb) = - / é“péb“V”Ka"bnpw,\npg&daﬁ” A dz dxb A dzC

1 A A O av K
_g/eapeb VHK bnuuﬁ)\npaﬁﬁn AECV_gdzlw
1
i / VHEP (856 — 656 Mumay/—g d'a

1 Vo
~ 1 / VEEP (uwpe — Mpuvop)V'—9 d'z

1
= 5/(V”Kp”‘7)77m,pg\/—gd4x
1
2 / VM(KPWWVM)V -9 d'z

1 vpo
= Q/Vu(Kan” P7)/—gdiz

where the Levi-Civita tensor gets inside the covariant derivative because its covariant derivative is zero. We

have that 1
Sp = §”pvouK’m

and so we get that
/*DKab A*(e* N éb) = g/VHS“\/—g d*z
3
=2 [ov=gstiata

Thus, [*DK,, A *(é% A é°) is a surface term.

The third term is the term that contains all information about torsion.
Sur, = S #(K e N K) A x(E% N E°) (3.2.9)
* 167G

We can calculate this term in tensor notation and show that

B / A 4
Sur, = —— [ AV—gd 3.2.10
B = 16nG g (3.2.10)
where A is given as
A = KM K\ o (3.2.11)
Proof
We have that 1
#(Kae NK ) = S Ko oK pijumadz™ A da? (3.2.12)
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and so

1 1
/ # (Koo NK%) A*(8* N EY) = / <2KaﬂcKc”bnul,mdx” A d:ﬁ) (Qéapéb”np,,ggdxf A dx<>

1
= /é“péb”Ka”cKc”bnwmnl,a&dx” Adz? A da A dxt

1 5 Pp O Ta cv K
= *Z\/eapeb K HCK bnpun)\npaf(n Agc\/*gdzlm
1
=2 / KP* K 0y ex (656, — 6560)v/—gd'z

1 o —
= — /,[(’O“C,[{C (n'uypa' - nuuap) -9 d4$

2
:/KpucKcyanuupa\/jgd‘lx
= —/KA“pKA””ang\/—gd‘lx

= /KAM)K)\VU”MpVU V=g d4I

We can then calculate A in terms of the irreducible components of the torsion tensor, which we remind the
reader are given by equation (1.5.40):

TP — (Tugpp _ Tpg/w) _ nlwpasg + q/LV[)

The result we obtain is

- 1
A = —6T"S, + 117Wmcﬂ‘f%h"” (3.2.13)

Proof

We need to calculate the quantity ~
A= KM K\ " Nypno (3.2.14)

in terms of the irreducible components of the torsion tensor. We begin by giving an expression for K ***

1 1
KAp — (TAg,up _ Tpgﬂ)\) _ 577)\”;”{5#@ + iqAW’ (3.2.15)

Therefore, we may calculate

0
1 1
KA”pU;LpW = (T/’\zf’{f Tpg”)‘) - 577)\HPHSK, ol iq’\"p Nupvo

1 1

= _Tpgwnupva - §Wk“pn77upuasn + §qmp77upwf
1 1

= _Tpg#AanVG - 577#p>m77upuasn + §q)‘up77;wl’0

1
= —T?¢" Npvo + (3085 — 5205)S, + 5qwm,m

1
= _Tpg#)\nupua + (53\‘90 - 53\Su) + quupnupuo
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Next, we multiply by K,”? and thus get
1
K)\NPK)\UUnﬂpVO' — _TpgukK/\uan#pyg + (55\50 _ 5[>;SV)K>\VU + = 2 /\anp.pl/a'K)\Va

= —T° K" Nypve + (K, S, _EKS q P upro KA

1
— 7TPK,LWU,,7/LW7P +K,’°S, + 5q)\ltﬂf,lupr[(Am'f

vo o v 1 PN 0 1 © 0 1 App vo
(Tug —T% u) - §M+ 5 So + iq np.pl/a'K)\

1
= —3TPS, + (T° — 4T°)S, + §q>\#p7]/LpV0'K>\VU

= 3778, +

1 )2 0 o 0 1 ,]/J 1 vo
—6T75, + 5(1””77“,3”0 [W—I/ﬁ)’— §gw77A Se+ 3D ]

vo

1 / 1
_6TpSp - ZqAHPSCgA’AnupuanA cvo + Znupyoq/\uPQ)\
0

1 ’ 4 1 vo
= —617S, + 54 Scgaxki 85 — 6, 55) + 7 upword 0

1
= _6Tpsp + Z%pua(f\“’)q/\w

All the quantities that vanish are due to either symmetric and antisymmetric parts being multiplied or the
vanishing trace of the traceless torsion tensor. Therefore, we have that

- 1
A= K)\MPK)\VUT)/L[)VU = *GTPS,; al Zn/tpvoq)\HPQXya

We have therefore proved our result.

With this result in mind, the third term of the Holst-Torsion action is

1
Sur, = T6m G/( 61T"S, + 1 uovod Mg )\/ d*z (3.2.16)

Thus, we understand that, in the presence of torsion, the Holst term is no longer vanishing, but has a con-
tributing term, which is torsional in origin. These extra terms alter the classical equations of motion of our
system.

3.2.2 Quantum Electrodynamics in the Einstein-Cartan-Holst Theory

We can examine what changes in the theory we laid out in Chapter 2 with the addition of the Holst term. Since
the only addition we made was in the torsional sector (since the torsionless Holst term vanishes on-shell), only
the equations of motion that contain the irreducible components of the torsion tensor will change. Let us write
the part of the total action that contains all such terms (with the addition of the Einstein-Cartan-Holst action
terms):

1 - 3 _
SECH - Torsion = —— / (A4 BA)N—gd'e— > / S,y g d'e

167G

L —6T,T" + SS“+1q uw — 6B8THS, +577 o V—gd*z (3.2.17)
167G 4 meve

3 _
— E/Suwv“vf’wv—g d*z

Variation of this action with respect to the three irreducible components of the torsion tensor will give us the
new equations of motion. For convenience, let us write the pieces of the action that give non-zero variation for
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each of the three components.

1

SpcH_T = (6T, T" — 68T"S,)\/—gd*zx

167G

1 3 3
= b wo_ pg 2 HAD — 4
SecH-s = T6nC / (25,,5 668T"S, 4Sm y w) V—gd'z

1 1 Apv B A vo
SECcH—q = W/ <2q MY g + Zn#pua'q HPqx \/jgd4x

We can then show that the equations of motion are

D
2

Sk

S, — 26T, = 4nGj,,

(3.2.18)

(3.2.19)

(3.2.20)

(8.2.21)

(3.2.22)

(3.2.23)

q/\;w + gnpauuqkpa =0

Proof

For the vector trace of the torsion tensor, we start with the action
1
Spcg-r = —— | (=61, T* — 68T*S,)/—gd*
ECH-T 167G /( u B u) gaxr
1
- s / 9" (6T, T, — 68T, 5,)v/—g d'z
The variation of Spc g —r With respect to 7}, is given by

0Secu-1 = SecH-1Ty + 0T, — Seca-7(T,]

where the square brackets indicate the functional dependence of the action on the torsion trace vector T},.
We, therefore, ought to calculate Spcy—7[T), + 01,]:

3
Spcu-1[T, +0T,] = = " (T, + 06T, ) (T, + 0T,,) + B(T, + 6T,) S, |v/—g d*=x
3
= Spcu-1[Su) — o " [(T6T, + T,6T,) + BS,.0T,]v/—gd*z + O(6T?)

We ignore terms that are of second order in the variation of the torsion trace vector, and thus we have

3
0SEcH-T = e QW[(TMSTI/ + TuéTu) + IBSpéTu]\/ng#m
3
___° I nw — 4
e (2T* + BS*)oT,\/—gd*x

The variational principle dictates that

oS _
5SECH—T:/7E6§_,H T5T,L
n

with the equations of motion being:
0SEcH-T
0Ty,

Thus, the equation of motion for the trace of the torsion tensor is:

B
b _ g
T 2S

=0
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which is the desired relation. For the axial vector trace of the torsion tensor, we start with the action
SpcH-5 = Tl / ( 9"’ 8,8, — 68T"S,, ) V—gdiz — /S,M Y=g diz

The variation of Spcm—s with respect to S, is given by
0SecH-5 = SecH-35[Su + 0S5, — SecH-s[S,]

where the square brackets indicate the functional dependence of the action on the torsion axial trace vector
S,.. We, therefore, ought to calculate Spcp—s[S, + 0S,]:

1
167G

-1 [Su+asyprpuvgdia

1
167G

3 _
i /55‘”1/}7“75%/—9 d'z + 0(65?)

SpoH-5[S, +65,] = /[3 w(S, + 68 )(sy+5sy)65(su+5sﬂ)w] g dis

= SECH—S[S/] /[3 “V(S 6S, + S, 55#) *GﬂTH(;S :| \/7gd4l’

We ignore terms that are of second order in the variation of the torsion, and thus we have

1
0SEcH-5 = 167TG/ r’ 9" (5,68, + S8,0S,) — GﬂT“éSﬂ] V—gd‘z

-~ Zfésuiv”vswx/—g d'z
1 3 _
e / [3S* — 68T*]6S,v/—gd'z — Z/ésuwfy“’fw\/—g d*z

3 3
= / LGWG(S’” - 2pT") — 41/)7“7514 38,/ —gd'x

Therefore, the modified equation of motion is

3
167G

(5% — 2pT) — STy = 0

This can be simplified to give 7
Sy — 28T, = 4Gy, ¢ = 4nGy),

which is the desired relation. Finally, for the traceless part of the torsion tensor, we have that

1 1, B8
SECqu: 167TG/< (JM quy+ 477,upvoq >\/7d4

= /q)\# <2q/\;w + Zﬁuupn‘])\p > V=g d'z

167G
1 /8 po 4
g g g iq/\'u’u’QAuu + Znuupoq/\’u’u’(b\ vV—gd'z

167TG
We can now calculate
1 AN 1
SECH—q[q)\;U/ + 6q/\u1/] = m g g g 2 (q/\’u’u’ + 6q}\’u’V')(Q>\uu + 5q)\;u/)
S
+ mep ((I)\,/,L/l/' + 5q/\’/ﬂu’)(q)\po + &D\pa) V=g d'z

1 AN 174 1
= SECqu[q)\p,l/} + m g gMM g {2(%/#/1/5(1)\;“/ + q)\;tu(sq)\’,u’v/)

B o
al Zn,uup (q)\/,u’l/’(sq)\pa + quU(sq)\/,u'l/') \/jgd4l‘ + O(5q2)
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Therefore, the variation of the action is
0SECcH-—q = L / 1(q*””&zx + Y g )
9 167G 2 m wv

B ro ! !
+ Z(nuupoqxiwéq/\pa + 77” v poqA pa(sq/\’p,’u’) vV —g d'z

. - A B T gAY opv A
B m/ _q *0anw F Z(n“’/p M 6qxpe + 17714 po 0 V=gd'z
1

S Ay ﬂ o A v _Apo 4
- 167TG/ _q *0qn Z(nf“’p M 0qrp0 + Mpo" 4 dqaw) |V =g dia

By renaming the indices pv <+ po in the second term, we get

1 [ B
5SECH—q = / q)\'uyéq/\;w iy Z(npoﬂuq/\pg&b\,uV 9P npaﬂyq)\paéq/\w/) V=9 d4$

167G

_ 1 [ Apv B nv  Apo 4
= 167G _C] 5q}\uu + 277/)0 q 5Q)\;u/ v—gd'z
B

1 [ A
_ Nz ~ nv  Apo § — d4
167G / _C] + 9 Npas" 4 :| QuvVv —ga x

Therefore, the equations of motion give

M+ gnpa“”q”’” =0 (8.2.24)

First, let us take a look at the equation of motion (3.2.23) for ¢. First of all, we confirm that for 5 = 0 we recover
the Einstein-Cartan equation of motion (2.2.11). Secondly, we notice a serious problem: while gy, is a tensor,
npg‘“’q’\”” is a pseudotensor. These quantities cannot be proportional as they transform differently under the
full Lorentz group (that includes parity) transformations. Therefore, the only solution to this equation of motion
that is consistent with full Lorentz symmetry is g,,, = 0. However, this effort to salvage this model is futile,
as we will immediately see. Let us solve the system of equations (3.2.21) and (3.2.22). We obtain the following
equations

drG 5

et (3.2.25)
281G 4

b= (3.2.26)

Here, we can make two key observations. First, for 3 = 0, i.e. in the absence of the Holst term, we recover
the Einstein-Cartan theory equations of motion, given by equations (2.2.7) and (2.2.10). Second, and most
importantly, we notice that the vector trace part of the torsion tensor is proportional to the axial current.
However, the axial current ji is a pseudovector, while 7}, is a vector. This is the same issue that came up in
the equation of motion for q. However, this time, there is no solution that is consistent with Lorentz symmetry.
Hence, we may conclude that the Einstein-Cartan-Holst model is inconsistent, or rather, incomplete, under
the assumption that we want our theory to be symmetric under parity.

3.3 The Nieh-Yan Term

So far, we've considered Einstein-Cartan theory, beginning with the Holst action, and saw how torsion couples
with fermions. Then, we argued that the addition of the Holst term in a theory without torsion is crucial, as it
forms the basis and allows the quantization of gravity in the Loop Quantum Gravity approach. However, when
we examined the addition of the Holst term in the presence of Torsion, we saw that, not only does it not vanish
on-shell anymore, but also the extra terms that arise are inconsistent with Lorentz invariance. This leads us
to consider adding additional terms to the action, in order to "restore" the vanishing of the additional terms in
Einstein-Cartan theory, much like the Holst term vanishes in General Relativity.
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3.3.1 The Nieh-Yan Modification

Curiously, it turns out that the Holst-Torsion term is part of a term called Nieh-Yan term, which is a torsional
topological invariant:

1 _
Sy = m/*Rab A% AED) + T AT, (3.3.1)

As a topological term, the Nieh-Yan term can be written as a total derivative:

1 A a

Proof

It is quite easy to see why this is a topological term. We remind ourselves that according to the first Bianchi
identity (equation (1.3.15)) we have - B
DT, =R, A é" (3.3.3)

Then, we can take the wedge product (from the right) with é%:
DT, Né" =Ry, Né°* N e

We can then use the property [25] Ap AN*B, = B, A *Ap for two p-forms, since on the right-hand side of
the above equation both R,; and (éb A é%) are 2-forms. In our case, A, = R, and *B,, = &’ A é%. This
means that we have

#(xBy) = *(é* A &%) (3.3.4)

The Hodge dual of a Hodge dual is given as #(*A) = (—1)P(P~P)*P~1 4 and thus for a 2-form such as *B,,
there is a sign difference, i.e. *(«xB,) = —B),. This means that

B,=—x(e"Né") =+x(e"NE) (3.3.5)

where in the last equality we used the property A, A B, = (—1)??B, A A, with p = ¢ = 1. Therefore, we get
that . _ —
DT, Né* =%(é* Ne°) ARy = *Rap A *(€° N E°)

where, again, we used the property A, A B, = (—1)??B, A A,, this time with p = g = 2. To proceed, we use
the definition of the exterior covariant derivative (equation (1.2.6)) and get that

DT, =dT,+ &% ANT" (3.3.6)
and, therefore,
DT, né* =dT, Né* +@% AT A é*
=dT, Né* +@% Né* AT

where there is no sign difference when swapping the order because p = 2,q = 1 = pg = 2. Now, we use
Cartan’s first structure equation (equation (1.3.8)):

T =dé® + @y Ne® = @ Ne’ =T —dée* = @, Née’ =dé, — T, = @ Né* =dé, — T,
and thus get that

«Ray N %(€° N &%) = DT, N é* =dT, Né* +dé, NT® — Ty NT"
= —&"NdT, +dé, NT* — T, ANT"
=d(é*NT,)—T,NT"

where in the last line we used the property [25] d(A, A B;) = dA A B + (—1)?P A A dB. Therefore, we end
up with B
«Rap AN*(8*N&E) + T, AT =d(é* AT,) (3.3.7)

thus proving that the Nieh-Yan term is a total derivative.
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Comparing the Nieh-Yan term with the Holst-Torsion term, we realize that

/ sDK oy A (67 A &%) = / (6 AT = g / 0l =g5"]d" (3.3.9)

and

1
/T“ AT, =— / (K qe N KCY) A x(8% A &%) = / (GT“’SM — 4nupwqmpq>\””> V—gd'z (8.3.9)

Therefore, adding this "counterterm" simply cancels the additional torsion contributions coming from the Holst
term, leaving us with the total derivative of S,,.

3.3.2 Quantum Electrodynamics in Einstein-Cartan-Nieh-Yan Theory

For the equations of motion, let us assume that the Holst-Torsion term and the torsion counterterm appear
with different coefficients, i.e. that we start from the action

1 — I} — «
S =—— [ Ry Ax(e* NéY) + /*R Ax(e% A eéb) + /T“AT 3.3.10
ECNY = {6~ / ab A *( ) 162G ab A *( ) 6nCl a ( )
FEinstein—Cartan Holst—Torsion Nieh—Y an—Counterterm

Since, as we said, this Nieh-Yan-Counterterm is the same as A, but with a different coefficient, the equations
of motion are the same, but now with 8 —  — «, i.e.

4rG 5
SIL = m]u (3311)
- 2(6 — O[)’ITG .5
g =2 5 & Moo a7 =0 (3.3.13)

It thus becomes obvious that for &« = 3 the equations of motion reduce to those of Einstein-Cartan theory.
Therefore, we have confirmed that the Holst term in General Relativity must be replaced with the Nieh-Yan term
in Einstein-Cartan theory in order to get the same effect. In fact, the Nieh-Yan term is much more "attractive"
than the Holst term, in the sense that the Holst term is not a true topological invariant (it just vanishes on-shell
and can’t be written as a total derivative), while the Nieh-Yan term is.

3.3.3 Promoting the Barbero-Immirzi Parameter to a Field

It is now interesting to consider the case where the Barbero-Immirzi parameter is promoted to a field. In such
a case, Einstein-Cartan theory is modified in a clear way, since the Nieh-Yan term ceases to be topological.
Before proceeding, however, it is important to motivate our decision to promote the Barbero-Immirzi parameter
to a field. Consider the part of our action describing the Dirac spinor in a curved spacetime background with
torsion, coupled to the photon:

, 1 [ —  _
Sg%%)ed+Torszon _ 3 /(’L'l/}’y'u(DHﬂ)) + h,c,)\/—g d*z (3.3.14)

This action is invariant under chiral transformations of the form
W = ey (3.3.15)

¢ = Peian” (3.3.16)

where a is some parameter of the transformation. The quantum theory is given by the corresponding path-
integral:

Z = / Dg Dy DY DS eiSarn ™" lg..5.8] (3.3.17)
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However, under chiral transformations, the measure D1 D1 does not remain invariant. This is the source of
the anomaly: the path integral picks up an extra term due to this non-invariance of the measure. For a curved
spacetime with torsion, the measure changes as [26]

_ — oo €2 v cur 4
DYDY — Dy Dipet | G P For = i BT Ryt 83 V8" ) V=g d'a (3.3.18)

where A is a regulator. We thus see that we have a quadratic divergence that is proportional to the Nieh-Yan
invariant. Therefore, in our effective action we now have a term of the form

1 3 12aGA?
SEff-NY = e / < b + a4 ) VSt /= d4 (3.3.19)
It is then possible to absorb the quadratic divergence if § is promoted to a field via a redefinition of the form
3 12aGA?
(@) = 38(z) + ——— (3.3.20)

Therefore, the promotion of the Barbero-Immirzi parameter to a field is well motivated. Let us now study
this theory. Our starting action is the same as the one of Einstein-Cartan theory, with the addition of a
coupling term between the Barbero-Immirzi field and the Nieh-Yan term, which only contains the axial vector
S#. Therefore, all fields besides S* and the new field 5(z) remain unaffected, yielding the same equations of
motion. The total action is then:

/R—s—A\/ d4x+—/5A *S + ———

1% 4.
167TG /[5’ WV, St/ —gd iz /F/\*F

+3 / DD |Vade e [Grvagvade - [ s as®

327G
(3.3.21)

Let us consider the part of the action that contains S*:

3 3 _
- w o g4, 2 w5 — M w4

We can do a partial integration on the last term:

3 3 '
“w 4. m 4., I 4
o G/B )V, St/ —gdiz = 9.0 G/ w(B(z)S*)/—gd x 9.0 V,.B(x)S*y/—gd x (3.3.23)
The surface term can then be dropped. Therefore, we get
3 -
Sg = %/ [S,S" — (0B + 8nGYy"y°) S, V=g d'z (3.3.24)

Then, we can consider the path integral for this part of the action, and "complete the square" in order to
integrate S,, out. We have

Ss =

2
32mG l(sﬂ - % ©"8+ 8776%7#7%)) - i (0"B + 87GY~~°¥) (9.8 + 87erw5¢)] V—gdiz

(3.3.25)
Thus, the quadratic term may be integrated out in the path integral and we’re left with the source term:

Sy = G / { 0, BO" B — ATGO,B(5°)" — 167r2G2(j5)M(j5)“] V—gd‘z (3.3.26)
s
We can rescale $ such that we have a canonical kinetic term:
5.8 %5 (3.3.27)
and thus the effective action becomes
1 " Nerrel Sy 3rG 4
Sy = —§6u68 B —V3rGo,B(j°)H — 5 —( ) (j ) v—gd-x (3.3.28)

This is exactly the action we got in Chapter 2 (Equation (2.3.8)) after enforcing the condition d * S = 0 in the
path integral, thus making the Barbero-Immirzi field an axion. Therefore, our analysis so far has essentially
offered us a strong motivation to enforce the constraint d * S = 0 in the path integral, which at first seemed
like an arbitrary decision, as well as an equivalent process, that of adding the Nieh-Yan term and promoting
the Barbero-Immirzi parameter to a field.
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3.3.4 From Einstein-Cartan to Chern-Simons Modified Gravity

We may now perform a partial integration on the second term:
—\/SNG/éuﬁ(j VW —gdtcr = —/3n /V V) —gdir +V3rG / BV . (5°)/—gdix (3.3.29)

Therefore, we have

1 ) 3nG
S, = / [Qa,wa FVBRGEVLGY — T ()i } Jogd'z (3.3.30)
Then, by using the fact that the non-conservation of the chiral current at the quantum level is given by the

anomaly, ,
-5 . VT
Vil = g B~ g

we get that the Barbero-Immirzi field couples to the anomaly:

ROMR o (3.3.31)

51~ [ [-50,80%5 - 20+ VB7G5 (P B - 15

RP"*‘”RPUWH J=gd'z (3.3.32)

Then, we use the fact that the torsionful and torsionless Pontryagin densities differ by a total derivative,

RO ARY, =R AR +d 2K ARy + K* ADK, + 2K% AN K®. N K®,] (3.3.33)

in order to shift the coupling of the axion field from G(A,®) to G(A,w) by adding a local counterterm. The
final action is therefore

m 2 .
$1= [ |- 500808~ 25 GGV + VIR (P o -

T RP‘W”RPUWH V—gd'z  (3.3.34)

This coupling of the axion field to the anomaly is exactly what gives us Chern-Simons modified gravity. It is
worth noting that, although the coupling of the axion field to the anomaly in the final action is independent
of the presence of fermions, we had to consider a theory with fermions initially in order to get this term.
Otherwise, its presence would be extremely hard to motivate. Finally, we mention that the constraintd * S = 0
is compatible with the prediction of most string theories. The case of heterotic string theory, which we will
explore in the next chapter, is an exception, as it requires d * S = G(A,w), where G(A,w) symbolizes the
so-called Green-Schwarz anomaly.

3.4 Chern-Simons Modified Gravity

In this section, we go through the basics of the Chern-Simons modification to General Relativity. This is a
well-studied topic [27, 28] that has gathered a lot of attention as a parity-violating model of gravity. We ended
up with Chern-Simons theory by starting with a gravitational theory with torsion and fermions. It is worth
noting that the reverse process is also possible [29]. Broadly speaking, the general form of a Chern-Simons
modified gravity theory action is

S =Sgg + Scs + Sy + S (3.4.1)

where Sy is the Einstein-Hilbert action, Scg is the so-called Chern-Simons term, i.e. the coupling of the
axion b(z) to the Hirzebruch (also known as gravitational Pontryagin) invariant RMW,URW”", Sy is the term
that contains the kinetic term of the axion, as well as any self-interaction potentials it may have, and S,, is the
action for the rest of the matter that may be present in the theory.

3.4.1 The Hirzebruch & Pontryagin Topological Densities

It is quite obvious that the term of interest in the Chern-Simons action is the term that couples the axion with
the gravitational and gauge anomalies. Therefore, we focus our attention to the anomalies term, which is built
from the Hirzebruch and Pontryagin topological densities [30]:

872 m 19272 19272

> - - 1
J=7 (F‘“’F RP"“”RWW> \ﬁv( K e (@ A)—ICQ‘(w,A)) (3.4.2)
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As we can see, this term is a total derivative. The (gravitational and gauge) anomaly current densities K/ and

Kt auge can be expressed as a function of the spin (or affine) connection w (or I') and the gauge fields A. More

specifically, we have

~ 2
R RHVPO v m “w HUAp ab < ab c
V m =V w) = Vv w)) = w w Wy W w
g ( vpo ) g uK:g( ) a,u ( gK:g( )) 28# |:6 ( v a/\ pab 3 v Aa pcb):|

2
— VIV = 0, (VL) = 0, |70 (T5,0,15, + S350 )|
(3.4.3)

and
s 2
—gFuw B = =gV K e = 20, [ewﬁ’ (AﬁaaAg +3 fIIRAL AL AR )} (3.4.4)

where [, J, K are the (flat) non-abelian gauge group indices. Thus, the Chern-Simons action we obtain starting
from Einstein-Cartan theory is

su= [

where we did a partial integration on the last term. Therefore, the action can be split into three parts:

1 1 1 /3 2 T
2z 0= Q0B OB+ 2\[2“B <87r2FM Fuw = 1592 77" R””“")} —gdis (8.4.5)

S =Sgg + Sy + Scs (3.4.6)
where Sgpy = # [ R\/=g d*z is the standard Einstein-Hilbert action, S, = f% [ 0,b0"by/—g d*z is the axion

kinetic energy term and the last term, Scg, which is the axion & gravitational anomaly term given by

19272

1 /3 2 1
Scs = 2\/;;/5(:5)% (E;Kg‘auge(w,/l) — ICg(w,A)> V—gdz (3.4.7)

From now on, we focus on the case where the gauge fields are vanishing, i.e. in the purely gravitational
Chern-Simons action:

3 kK . 3 K v
Sos = _\/g3847r2 /mx)v“K; V=9die = _\/;3847r2 /B(m)RP " Rpopy/ =g d' (3.4.8)

3.4.2 The Cotton & Stress-Energy Tensors

Having this action, we can examine what the stress-energy tensor is. For the axions, the "matter" stress-energy
tensor is found using the standard definition:

Tﬂ - _ L ﬁ
" V=g dg
In the absence of the gravitational Chern-Simons term, we would get the usual Einstein equations. However,

in our case, this new term can also be varied with respect to the metric and give a non-trivial result. More
specifically, variation of the Chern-Simons term gives us the Cotton tensor, which is defined as

1
= 0,60,6 — igpuapﬁapﬁ (3.4.9)

Cuv = —4\/1_79253 (3.4.10)
where
Sc = / BRuvpo R*7\ /=g d'x (3.4.11)
such that Scg = —\/g 331z 9c. After calculating the variation, we get that the Cotton tensor is
CH = V,\V,, [ﬂfzf’(*w)*} (3.4.12)
In less compact notation, we may show that
CH = % [(V)\Vpﬂ) (R’)’“’”\ + R””“)‘) + (V,8) (0" °V,R." + np””UVURN“)} (3.4.13)
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where we have used the identities V” (Rp;w ») = 0 and VA(R,)W A) = Npure VZR",. An important property of
the Cotton tensor is that it is traceless:
guC* =0 (3.4.14)

This is very easy to see as
- 1 1
g/LuCHV = V)\VP {BRP#M)\} = §v)\vp [ﬂ np#HGRnrru)\] = §V)\vp [ﬂ np#HUR[mau])\] =0 (3.4.15)

due to the first Bianchi identity. The Einstein equations then take the form:

v 1 Nz 3 K/S nv 2muy

In standard gravity theories, it is the matter stress-energy tensor that gets conserved, i.e. V MTIf ¥ = 0. However,
it is easy to check that the Cotton tensor is not conserved. In fact, we get that

1 -
V,.CH = —ga”ﬁRP*”RMM (3.4.17)
It becomes obvious, then, that the conservation of the matter stress-energy tensor breaks down in this scenario.
This, indeed, makes sense, as the matter field (the axions) now exchange energy with the gravitational field,

something that doesn’t appear in standard General Relativity. Instead, there is a modified, more general
stress-energy tensor that gets conserved and is defined as

= 3 K y v
W T s = 1 (\[2 w2l TS > (3.4.18)

with the conservation law then being

VT =0 (3.4.19)

total

In the next chapter, we will explore how Heterotic String Theory leads to a Chern-Simons theory in 4D, and
how that ultimate leads to inflation without an inflaton field that’s usually employed in the literature.
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Chapter 4

String-inspired Inflation due to Torsion

In the previous chapters, we developed a theory for classical gravity with torsion and examined how contorted
gravity gives rise to a dynamical axion when interactions with QED are considered. In this chapter, we’ll
consider a string-inspired model and show how the torsion arising in this model affects the inflation of the
universe.

4.1 The Effective String Action

In this section, we will outline our string-inspired model, which consists of an effective string action in four
spacetime dimensions. Our main point of interest is the Kalb-Ramond field. We argue that this field plays
the role of torsion and gives rise to an axion, which couples to both gravitational and Yang-Mills anomalies,
in complete analogy with the case examined in the previous chapters. This, in turn, leads to a modification in
our definition of the stress-energy tensor.

4.1.1 Kalb-Ramond Field and Torsion

For completeness’ sake, we give a small summary of the origin of torsion in string theory and present the
model we will work with. A deeper dive in string theory is out of the scope of this text and the derivation of the
results presented in this section can be found in standard textbooks such as [31] and [32]. It is known that
any string theory model predicts the existence of three massless gravitational fields which form the so-called
gravitational multiplet [5]: the spin-0 (scalar) Dilaton @, the spin-1 antisymmetric Kalb-Ramond field B,,, and
the spin-2 symmetric graviton field g,,,. We devote our attention to the Kalb-Ramond field, which has a U(1)
gauge symmetry [30]

B,, — B, + 8[#91,] (4.1.1)

As a consequence, the action (at least in the low energy regime) depends on the field strength of the Kalb-
Ramond field, rather than the field itself. The field strength is defined as

| Huwvp = 0uBuy | (4.1.2)

which is completely antisymmetric and thus forms a 3-form, i.e.

(4.1.9)

It is, therefore, an immediate consequence that the following Bianchi identity holds:

w1
a[qu,pU] =0 (4.1.5)

Anomaly cancellation considerations dictate that the field strength of the Kalb-Ramond field has to be modified
by the addition of so-called Lorentz and gauge Chern-Simons 3-form terms:

or, in index notation,

/

H=dB+ g—H(QgL ~ Q) 4.1.6)
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where a is the Regge slope, k = v/87G and (231, {23y are the Lorentz and gauge Chern-Simons terms respec-
tively, given as

2
Qsr, tr(w/\dw+3w/\w/\w>
4.1.7)

2
= w Adw®, + gwac AwCyAwly,
and

Qsy :tr(AAdA+§A/\A/\A>
5 (4.1.8)
= AT ANdAT + ngKAf ANAT A AR

where F' = dA + A A A is the Yang-Mills field strength 2-form and a, b, ¢, d are Lorentz (flat) indices and 1, J, K
are gauge group (Euclidean flat) indices. The Bianchi identity is thus modified and becomes

/
dH:g—TT(R/\RfF/\F) (4.1.9)
K

where R is the curvature and F is the Yang-Mills field strength. The effective action for the bosonic string in
four spacetime dimensions can be written as an expansion in powers of the Regge slope a’. In zeroth-order,
and after assuming that the Dilaton is irrelevant, i.e. ¢ ~ 0 (via some stabilization mechanism [30]), we get
that the relevant action has the form [5]

1 1
Sp = /( R— 6%@}{””) V—gd'z (4.1.10)

22

where H),, = k1H auv- Direct comparison with the action (1.5.22) indicates that the Kalb-Ramond field
strength plays the role of torsion in this effective field theory. We can thus define the contorted connection to
be

BA A K o2
FW—F,WJrfg’H v 4.1.11)

7

where %/HAW plays the role of contorsion. Therefore, the torsion tensor is proportional to the (modified)
Kalb-Ramond field strength, since 7. = 2K“[;.). More specifically, we get that

2K

Tyur = EH;WA (4.1.12)

The action can then be written as

1 -
Sp z/—Rs/—nga: 4.1.13)
2K2
The Bianchi identity (4.1.9) considered above can be written in index notation as [5]
/
nWApV“’H”*f’ =— 12 (RWA,,R/"”A” — FWFW) =G(w,A) (4.1.14)
K

where the covariant derivative is taken with the torsion-free Christoffel symbols (hence the absence of an
overbar), g(w, A) is the anomaly and the quantities with the "tilde" over them are the dual quantities, defined
as

~ 1
R,uupa‘ = §n,uy)\nR)\Hpa'

~ 1
Fp,u = §nuypano
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4.1.2 Torsion Induced Axion & Chern-Simons Gravity

In the previous section, we showcased a string inspired model that gives rise to contorted gravity in four
spacetime dimensions. These results tell us that this theory is completely analogous with the one studies in
the first two chapters. Here, the Kalb-Ramond field strength H,,, plays the role of torsion and the Bianchi
identity (4.1.14) replaces Equation (2.3.1) as the constraint we use. Therefore, in a completely analogous
procedure, we can enforce the constraint given by the Bianchi equation in the path integral formulation. We
have the partition function:

7 = /DgD’H eSloHl — /DgWD’HAWeiI(ﬁRféH*“”HMU)‘/jgd% (4.1.15)

We focus our attention to the Kalb-Ramond field strength part of the path integral and impose the constraint
as a delta function:

Zy = / DHAw O™V oo — Gluw, A))e ™ 87 Vg (4.1.16)
The constraint can be written as
S("PV  Hupe — Gw, A)) = /Dbeif”(””)["“”’”WHW‘g(“’*“)]\/j-"‘14‘1c (4.1.17)
We now use the property n**?°V ,H,po = ﬁaﬂ(\/—*g NP7 H, ) and get that
/Dbeif [b(2)V=gn"" 77V Ho po —b(2) V=56 (w0, A) ] d*a _ /Dbei /b )71 =0, (V=G 1 o) (@) VGG (. A)] d'e
We can now integrate by parts and get that
SV Hopo — G, A)) = / Dhetf [t 7 Mo b9 0. 40| V=g (@.1.18)
and thus the partition function is
Ty = / DEDH e [P M 107 Moo b))V (4.1.19)
We can now complete the squares:

Ty = /DbDH)\N 672 f[ ('HAHV’HMW+68 (@)Y PTH ) po 190, ba“)\’r]“”pﬂn,\,,,m)+bg ] —g d'a (4.1.20)

and carry out the integration on H, absorbing the resulting constant in the measure Db:

—if {f%c’mb 8*bn"’”””my,m+bg(w,A>} v—gd'z
Dbe

Zy = 4.1.21)
We have that nm,,wn’\”“p = —663 and thus
—i [ |98,b8"b+bG ,A} —gd*
ZH:/Dbe ”[ " R N (4.1.22)
In order to normalize the kinetic term of the b field, we redefine it to be b —> b and thus
Oub 0" b+ 720G (w } d*z
ZH_/Db Zf[ Ve (4.1.23)

and thus the full action becomes:

Sp = 1 8b8”b /\[b Ruppo RMPT — F o F*) | V=g d* 4.1.24
B — 22 _92,‘{(””/)0 — v ) —gax (4.1. )

We can easily observe that this is simply a Chern-Simons theory, discussed in the previous Chapter. The
equations of motion are
1 a' k2

RM — 5gWR =5 —CM + KT (4.1.25)

and the modified stress-energy tensor that is being conserved is

a
QT;w — s < \fcuu_i_TuV) (4.1.26)

total 24
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4.2 Gravitational Wave Condensate Induced Inflation

In this section, we’ll see how gravitational waves in the early universe can be a suitable explanation for a period
of inflation for the universe. To that end, we’ll use the so-called Running Vacuum Model as our Cosmological
model of the universe. Then, we’ll consider gravitational wave perturbations and quantize them on a classical
background in order to calculate the vacuum expectation value of the gravitational Chern-Simons term. Our
endgoal will be the calculation of the vacuum energy density of this model, which we’ll show that in the context
of the Running Vacuum Model can explain the inflation of our universe without the need for additional fields
commonly considered, such as the inflaton field.

4.2.1 Running Vacuum Model

It is widely known that matter only makes up about 5% of the energy in the universe. Another 26% is attributed
to what is known as "dark matter”, i.e. a form of matter that does not appear to interact with ordinary matter
but has a gravitational effect. This dark matter is widely assumed to be "cold" or, in other words, moving slowly
compared to the speed of light. The final 68% of the universe’s energy is the so-called "dark energy", which
is thought to be responsible for the observed accelerating expansion of the universe. This dark energy arises
from the cosmological constant A of the Einstein equations. The mathematical model that is considered to be
the "standard model" of cosmology, currently used in experiments, takes all of the above into account and is
called the ACDM model (A-Cold Dark Matter). However, in recent years, the ACDM model has proven to not
be perfect. The biggest threat to the ACDM is the discrepancy present in the measurements of the Hubble
constant, known as the "Hubble tension". While the possibility of the Hubble tension being of statistical nature
has not been excluded, it is instructive, if not necessary, to consider other cosmological models that can explain
the current experimental data. One of these models is the "Running Vacuum Model" (from here on RVM). In
the ACDM model, the vacuum energy density is given as

A

- 871G
and is a constant. In the RVM, it is assumed that the vacuum energy density "runs" smoothly with cosmic time.
Hence, we have a "running” vacuum energy density pry s (¢). The RVM model originates from arguments and
calculations made in the context of the Renormalization Group in Quantum Field Theory in curved spacetime.
However, for our purposes it suffices to consider it as a purely phenomenological model. In this model, we can
assume that the running vacuum energy density can be expressed as a perturbative expansion of even powers
of the Hubble parameter [33]:

PA 4.2.1)

PRVM(H) =

A(H?) 3 9 H?
871G 871G (CO v B H? (4.2.2)

where ¢, v, 8 18 gre real constants and H; ~ 10~°Mp; is the inflationary scale, with Mp; being the Planck
mass. At early times, H is large and thus the H* term dominates. This term admits H = H; as a solution,
hence we obtain an inflationary spacetime. As the universe evolves, the value of H gets smaller, and the H*
term can become negligible compared to the H? or H" contributions to the vacuum energy density. Thus, a
natural and graceful exit from inflation is viable. However, as we will see in our case, the situation is a bit more
complicated.

4.2.2 Gravitational Wave Condensate
Lets consider tensor perturbations of the FLRW metric:
ds® = —dt* + a*(t) (0 + hij)da'da? 4.2.3)

It is well known that these tensor perturbations are gravitational waves, which come in two different polariza-
tions. In the so-called linear polarization basis, the tensor perturbation can be expressed as [34]

hij = heel) + hyel? (4.2.4)

The polarization tensors are defined as
e = len(®iler(B); — [ea(F))ilea(R)]; (4.2.5)
e = ler(B)]ilea(R)); — lea (R)]slea (k)] (4.2.6)

18In the original source, « is used instead of 3 for the coefficient of the H* term. The change in this text has been made to avoid
confusion, as this parameter appears alongside the scale factor a.
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where

-

- k
es(k) = —= 4.2.7)
L
and the three unit vectors ey, e, e3 are orthogonal to each other. We have the freedom to choose the z-axis as
the direction of the propagation of the gravitational wave and thus the unit vectors take the values

e1 = (1,0,0) 4.2.8)
ez = (0,1,0) 4.2.9)
es = (0,0,1) (4.2.10)

As such, the perturbation tensor now can be written as a traceless, symmetric tensor:

hy hy O
h=|hy —hy 0 4.2.11)
0 0 0

Assuming an action of the form

S = /( R %(@b)(@“b) AbRcs) V—gd'z (4.2.12)

2k2

a'\/§
192k *

where Rog = RWWR“””" is the gravitational Chern-Simons term and A = The linearized Einstein

equations take the form:

4AK2 /. 4AK%D 4AK%D
Ohy = + af <2ab+ab) 8,0 hy + C’j 920, hy — a’; 0Phy (4.2.13)
4ARKZ /. 4AK%b 4AK%b
Ohy = — == <2ab + ab) 80, hy — 29201, + —'Zajm (4.2.14)
a a a
where the box operator is defined as
; 1
O=—07 -39, + —0° (4.2.15)
a a

We can easily see that these two polarizations are coupled to each other due to the presence of the KR-axion
field that couples to the CS-term. We can get a pair of decoupled polarizations by switching to the chiral basis:

hy +ihy) 4.2.16)

1
h = —
LRETR (

In this basis, the wave equations (4.2.13) & (4.2.14) become

4iAR? /. 4iAK2b 4iAR?D _.
Ohy, = == (2ab+ ab) 9,0y, — =52 000.h, + =200, (4.2.17)
a a a
4iAR? [ 4i AK2D 4iAR2D .
Ohg = + Zaf (defab> 8,0, hp + Z: 020, hp — Zaf 3hnp (4.2.18)

Furthermore, we can calculate the gravitational Chern-Simons term in terms of the perturbation A up to second
order [34]:

Res = % {(8§hL8Z8thR + a?02hp0.0,hg + aadh0.0.hgr) — (L < R)| + O(h*) (4.2.19)

As we can see, this term would vanish if the two polarizations satisfied the same equation. However, that
is not the case for these gravitational waves as the wave equations of the two polarizations differ in sign, as
seen above, due to contributions from the Cotton tensor. Hence, the CS-term survives. This phenomenon is
called "cosmological birefringence" [34]. We can now treat the gravitational wave perturbations as quantum
operators, i.e. we can proceed into a second quantization scheme for the tensor perturbation. We saw that this
perturbation can be analyzed into two scalar polarization fields and thus we only need to quantize those. This
process is done in detail in [34]'°. After quantization, we’re in position to calculate the vacuum expectation

19The authors here find a factor of two difference in their result compared to earlier efforts, as they include more terms. This correction
will be applied in this text when referencing the value of (Rcg) s from older sources.
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value of the gravitational CS-term during inflation. In the inflationary era, we have that the scale factor is
approximately
a(t) ~ exp(H t) (4.2.20)

where H; is the Hubble parameter, which is approximately constant. The result reads [34]

Ardut -
b H} (4.2.21)

(Res)r = —Ni

where N is the density of gravitational wave sources during inflation and  is the UV energy cutoff of the
effective field theory we’re working with, while b; symbolizes the axion field during the inflation era, which can
be approximately calculated to be [35]

by ~ V2eMp H; (4.2.22)

where € is a phenomenological parameter that we fix as
e~ 1072 (4.2.23)

This means that, in total, the condensate (R¢g); is proportional to H ?‘. Integrating this we get an expression
for the axion field: ~ ~
b[(t) = b[ (0) + Vv QEHtMpl (4.2.24]

The initial condition 5(0) cannot be predicted in the context of our effective field theory, but requires the full
string theory model. Nonetheless, it is possible [30] to find a range of phenomenologically acceptable values. A
suitable choice is [35]

b(0) ~ 10Mp (4.2.25)

4.2.3 Vacuum Energy Density

We now want to calculate the various contributions to the vacuum energy density. First of all, there are two
contributions coming from the axion field and the gravitational anomaly. This can be seen from Equation
(4.1.25), where the modified stress energy tensor is comprised of two parts: one for the axionic matter, and the
Cotton tensor for the gravitational anomaly. Each of these parts contributes to the vacuum energy density. In
our gravitational quantization scheme, a rough approach to calculate the vacuum energy density is to calculate
the modified stress-energy tensor over the quantized gravitational wave perturbations. This can be done for
the Cotton tensor, which is given in terms of the Riemann tensor and its derivatives. This is done in [35] and
the resulting vacuum energy density related to the Cotton tensor is found to be

pgcs = —1.484eMp HF (4.2.26)

Then, the conservation law (3.4.19) relates the Cotton tensor to the axionic stress-energy tensor, leading us to

the relation 9
Py _gngS (4.2.27)

where p, is the vacuum energy density related to the axionic matter. Thus, we find that [35]
pp =~ eM3 H? (4.2.28)
and, in total, )
Po+ Pycs = 3PgCs —0.496eM 3, H? (4.2.29)

i.e. a negative quantity. However, this is not the full picture, the reason being that we had not proceeded
into our quantization scheme when we produced Equation (4.1.25). The proper approach is to expand the
gravitational Chern-Simons term around its vacuum expectation value and write the action as [30]:

a2 .
192k

R 1 a2+ .
= = “p) WV po _
S / (2}# 2(8Hb)(6 b) 199n b(z)(Ryuvpe RMP7) 1

b(2) Ry po R*P7 :) V=gd*z = (4.2.30)
We can see that this adds an extra term to the action, a linear potential term for the axion that contains the
gravitational wave condensate (R¢ogs)r [36]:

Sa = —/ (a 2b(m)<RWM]~%“”W>I> V—gd'z = —/ (8.6 X 1010\/E|b(0)H?)\/—gd4x (4.2.31)
192k Mp,

61



Chapter 4. String-inspired Inflation due to Torsion 4.2. Gravitational Wave Condensate Induced Inflation

Therefore, another vacuum energy density term is produced, one that was initially overlooked:

b(0
pA = 8.6 x 1010ﬁMH4 (4.2.32)
Mp,

The full vacuum energy density expression is the sum of all the above:

1 b(0
pvac(H) = po + pgcs + pa = —ieMI%lHZ + 8.6 x 1010\/E|A§—)‘H4 (4.2.33)
Pl

In this sense, the gravitational waves that produce the condensate drive inflation.

4.2.4 Inflation

We can easily see that the final expression of the vacuum energy density is consistent with the Running Vacuum
Model with constants ¢y = 0, ¥ < 0 and § > 0. In this subsection we’ll show how such an expression for the
vacuum energy density leads to inflation. Let us assume a vacuum energy density of the form (4.2.2) with
co =0, v < 0and B > 0. The conservation of the total stress-energy tensor of vacuum matter and radiation
[36] leads to the differential equation

.3 ) H?
H+ (4w )H? (1-v—-8-"5]=0 (4.2.34)
2 H?

where w,, = % and the subscript "m" refers to both matter and radiation. Solving this equation, we get a
solution for the Hubble parameter as a function of the FLRW scale factor a(t):

1-v\? H
H(a) = v ! (4.2.35)
B VDa31-v)1+wm) 41
where D > 0 is an integration constant.
Proof
We will prove this final expression by solving the differential equation (4.2.34). We have that:
-3 H? dH 3 B H?
H+-(14wn)H? (1-v-B—)=0=—+-(14+wn)(1-v)H*(1- = ]=0
+5+wm) < g BH?) a Tl tem-v) ( 1— v H?
We can then use the fact that % = %d—‘i = d% and get that
dH 3 B H? dH 3 B H?
—+ (1 m)1—V)H2[1—- — = | =0=a—+ =(1 m)(1—v)H? [1—- ———"5]=0
@ Tl teml-v) ( 1VHI2> e Tl tem)1-v) ( 1—v H?

We know that the Hubble parameter H is defined as H = % so we can replace a in the above equation, and
also proceed to divide by H?2:

dH 3 )
a% + 5(1 +(Um)(1 — I/)H <1 —

8 H? adH 3
1—VH12

_ B_H\ _
fO:sta+2(1+wm)(1 l/)(l = i =0

Proceeding, we can define a normalized Hubble parameter, H= Hil thus getting the equation:

i da —

gdH+%(1+wm)(1—y) (1 1B H2> =0

This is the equation we need to solve. This is a first order differential equation, so we just need to separate
the two variables:

# = *§(1 + wm) (1 - V)@
H(l—iHQ) 2 a

62



Chapter 4. String-inspired Inflation due to Torsion 4.2. Gravitational Wave Condensate Induced Inflation

We can then write the left part as:

1 R bk I i1
ﬁl(l—l%fﬁ) A(1- £

and thus the differential equation becomes:

H H .
L+ P — dH:—§(1—|—wm)(1—1/)—
H 1*V<1_ B H2> 2 a

1—v

In this form, we can easily perform the integration of both sides:

[F+5

= 3
— 4 dH = ——(1 4+ wy)(1 — —
H 1—v (1_%1{[2) 2( wWim)( V) p

To solve this integral, it is conveniant to make the following change of variable:

U R 7
T H =R s H= 5l = dil =\ [—=dll

Then, the differential equation becomes:

dH H - d
/f—l—/iAdH:—%(l—i—wm)(l—l/) &
H (1 _ H2) 2 a
We can also write HdH = %dﬁ 2 and thus get the differential equation:

de#/%dﬁ? =St uma-y) [ &
H 2 (1 _HQ) 2 a

In this form, the integration can be performed immediately, giving us the solution:

= —§(1 +wn)(l—v)lna+C

where C' is a constant of integration. We can write C' = In D and thus the equation above can be rewritten

as: ~
in [ £ ) = In (pa-30t+m-)
1— H?2

lnﬁ—&—ln(

Thus, we get that:

H _ _ py-iatema-v o 1

1— H2 W =1l

— Da7%(1+wm)(1*V) = AL 1= Da3(1+wm)(17u)
H2

R 2
Finally, we revert back to the original Hubble parameter, which is given as H? = % (Hi) and thus get:
I
1-v 1 H\> 1-v 1
- — Dg30+wm)(1—v) — ) = =
Da +1= (HI) ﬁ Da3(1+wm)(1—u) +1

S (#)

Finally, by simply taking the square root in both sides of the equation we get the final result:

H— 1—v H[
V B8 VDa30+wm)0-v) 11

We have, therefore, proved the desired equation.
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Since v is negative and w,, = 0 in the vacuum, the power of a in the superscript is positive. If we consider
a < 1, as is the case in the early universe, we get that Da3(1~?)(1+“m) <« 1 also, i.e. it is neglectable, resulting
in a mostly constant Hubble parameter H ~ H;.

4.2.5 Metastability of the Condensate-Induced Inflation

We have seen in a previous subsection that, post linearization, the Pontryagin term is given at leading order as
an O(h?) term, which is given by equation (4.2.19). In terms of conformal time,

y
Ros =~ [02hL0.0p + WLO. iy — 0hd. ), — RO |+ OMY), (4.2.36)

We saw that the evaluation of the vacuum expectation value of this term is nonzero, and gives us a condensate
that induces a linear potential for b that drives inflation. However, we omitted an important detail of the
discussion: the ordering of the quantum operators in (4.2.36). More specifically, each of the four terms that
appear has two different possible orderings for the operators, as explored in [37]. By going into Fourier space
for both hy, and hg, we can represent the various orderings of quantum operators as:

. 4 [ PEEE s o _

Ros = — / G DT 121 (O, (hy gy ) = Oue, (B 1))

~ Kl (Oun, (W) ity ) = Oun, (R 31, ) |

Ouwp (Hf—V:laAﬁi) =Y we @il .-.QASZ-N)P, > wp =1, (4.2.38)
P P

represents the various quantum ordering of some scalar operators ¢;, where each permutation of the operators
is weighted by wp. In our case,

(4.2.37)

where

2
> wp, =1, Vi=1,.4 (4.2.39)
P,=1

In this scenario, the operator RCS is (in general) non-hermiatian, i.e.
Res — Rlg = —2ilmRes # 0 (4.2.40)

This, in turn, means that in the general case the condensate will have both a real and imaginary part. The

case of a hermitian Rcg is given in the subcase of symmetric ordering for the product of two operators, where
1 .

wp = 3 1.€.

Oyp=1 (9/51 52) = %(51 b2 + 2 31) (4.2.41)

Furthermore, it turns out that the real part of the operator is independent of the quantum ordering scheme
chosen. Therefore, the analysis and results of the previous sections hold for any ordering scheme. It is only
the existence (and magnitude) of the imaginary part that are affected by the choice of quantum ordering. Each
quantum ordering scheme corresponds to a fundamental quantum theory, and all of these theories have the
same classical limit, which is not fundamental. Before we consider which quantum ordering scheme might be
physical, it is worth determining the resulting effects of an imaginary part of the condensate. It is easy to see
that the path integral of the theory, which expresses the amplitude of the probability that the system remains
in the initial ground state (which is the inflationary ground state in our case), can be written as [37]

Z = (0]0) ~ e~ (Bes)blusd'av=a | | (4.2.42)

where [...] denotes the gravitational wave perturbation path-integral without the gravitational Chern-Simons
terms, and b denotes the axion background value, about which gravitational wave perturbations in the path
integral are considered. This is a Hartree-Fock approximation, and f ds d*x \/—g denotes the approximately de
Sitter four-volume during inflation. Hence, we see that an exponential damping factor is introduced, which
sets a finite lifetime for this state. This means that an imaginary part to the condensate means that we get
a mechanism to exit inflation. Therefore, this prompts us to consider that the symmetric ordering, although
appealing (minimized vacuum energy, stable vacuum, hermitian operator associated with a real function)
might not be the correct approach. Since our theory is based on a truncated effective action, we cannot exclude
the possibility that non-hermitian operators are a possibility and contain physical content (in our case, a
mechanism to exit inflation).
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4.3 Summary

In this chapter we considered a string-inspired model in which the field strength of the Kalb-Ramond field
plays the role of torsion. We showed that, in a completely analogous way to the Einstein-Cartan theory, this
torsion field induces an axionic field. The big difference, however, is the presence of a gravitational anomaly
(with a string-theoretical origin), which couples to this new axionic field, giving us a new term. This term gives
rises to the Cotton tensor and leads to the modification of the Einstein equations. The Cotton tensor is not
conserved, as it expresses the exchange of energy between the axions and the gravitational field itself. Thus, it
is necessary to define a new, generalized stress-energy tensor which includes the Cotton tensor.

Having all of the above in mind, we then explored how such a string-inspired theory can lead to a cosmological
model that explains inflation without the need to introduce a special field, such as the inflaton. To do this, we
worked in the so-called Running Vacuum Model of cosmology, which assumes that the vacuum energy density
is a function of even powers of the Hubble parameter. Then, working on our string-inspired model, we examined
the presence of gravitational waves in the early universe. The reason for this specific choice is the difference in
behavior exhibited by the two different polarizations of gravitational waves. This left/right asymmetry leads to a
non-vanishing anomaly term (Pontryagin term), and thus, in a second quantization scheme these gravitational
waves form a condensate, which contributes a higher order term (H?) to the vacuum energy density, besides
another H? one. This RVM-type vacuum energy density is then shown to lead to inflation in a natural way.

Finally, we argued that the condensate-induced inflation is metastable, due to the presence of an imaginary
part in the condensate. This imaginary part can be traced back to the choice of quantum ordering of the
operators comprising the linearized Pontryagin term. The imaginary part of the condensate acts as a damping
factor in the path-integral, thus providing a natural way to exit the inflationary period.

Of course, this string-inspired theory and the resulting cosmological model can be extended beyond the in-
flationary era of the universe, up until the modern era. In [30], the later eras of the universe are explored in
this kind of string-inspired theory and RVM cosmology. At the end of inflation, fermionic matter is generated.
The presence of the Kalb-Ramond axion field (which is induced by the presence of torsion) can be shown to
explain the matter/antimatter asymmetry observed in the universe, and also to break both Lorentz and CPT
symmetries. Furthermore, it is also possible for the axion to acquire a mass in later stages of the universe,
making it a candidate for Dark Matter. Therefore, in this model of the universe, torsion plays a central role
in its evolution. This is in complete disagreement with our conventional, standard theories, which are based
on General Relativity and assume a vanishing torsion. Unfortunately, the presence of torsion is not something
that has been experimentally detected yet. However, if that day ever comes, the implications of its presence
have already been shown to be of utmost importance to the universe as we know it today and our presence
itself.
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Chapter 5

The O(a') Heterotic String Action

In the previous chapter, we examined the heterotic string effective action in leading order. By applying the
Bianchi identity, we introduced higher order O(a’) terms. However, we ignored other O(a’) terms that may be
part of the effective action. In this chapter, we revisit the heterotic string effective action and explore the other
possible contributions. The content of this chapter follows [1].

5.1 The Heterotic String Effective Action in 10D

The heterotic string effective action is originally considered in 10D. As before, we will consider the case where
the dilaton varies slowly or has been stabilized (e.g. by means of an appropriate, string-loop-induced potential)
to some constant value ®(, which, without loss of generality, we may set to zero. The effective string action
then is:

SB:SO—i—a’Sl, (5.1.1)

where

1 1
So = / (QR - HWHW) V=gd"z, (5.1.2)
2K 6

is the leading term and [5]

1 n= LV

1 1
_ g |:<]_ — 3\/§> H;LV;{HAPNRNV)\P + )\BH#AP’HV/\PRHV + )\4HuuAHMV/\R:| +

2 (5.1.3)

2
+ /;74 |:(]. — 9\/§> H“V)‘HupUHVpHHAan + )\5HMXPHVAPHWQUHMNJ + )\G(HHV/\H;UJA)Q]

A
+ ;V#H’MPV”’HVAP}\/g dPz,

with V,, denoting the (torsion-free) gravitational covariant derivative, is the a’ perturbative correction to the
action?®. The coefficients \j,...\; are not uniquely identified due to field redefinition ambiguities present
in the theory, which leave the perturbative S-matrix invariant [5, 38-42]. In what follows we shall fix these
redefinitions, with the aim of arriving at the most general string effective action to order O(a’) based on the
graviton and antisymmetric tensor fields (having stabilised the dilaton). Motivated by the desire to apply it to
phenomenologically realistic cosmologies, in (3+1)-dimensional spacetimes after string compactification [32],
and in particular the StRVM Cosmology, we shall impose unitarity and a torsional interpretation of the totally
antisymmetric tensor field strength, features which have been used in that approach [30, 35, 43, 44].

20There are 2 more terms of the form VHVH we may construct, namely V~Hq 35 VOHYBY and V(;HQEWV‘S'H“’Q'V. However, these can
both be “converted" to V ,LH“A" V¥H, xp via partial integrations modulo total derivative terms. Note that in the case of V5H BWV‘SH“/} v
especially, we need to make use of the Bianchi identity V(57,,] = 0 to achieve this (the reader should note at this stage that the O(a’)
corrections, due to the GS mechanism, in the Bianchi identity (4.1.9), are ignored, when the identity is implemented in the aforementioned
four-derivative terms VH VH, as a result of the truncation of the respective effective action to four spacetime derivatives, which we assume
throughout this work).
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5.1.1 Field Redefinition Ambiguities & Unitary Effective Action

In this section, we shall discuss the most general O(a’) low-energy string effective action, compatible with
the D(= 10)-dimensional string theory (although we perform the analysis in general number of spacetime
dimensions D, nonetheless we have in mind the low-energy theory corresponding to realistic superstring, and
in particular heterotic [32], string theories). According to the equivalence theorem [45-50], the perturbative
scattering (S-)matrices of quantum field theories linked through local field redefinitions, are the same. This
is what we make use of in our search for the most general effective action that describes StRVM embedded
in realistic string theories, serving as consistent Ultra Violet (UV) completions of the model, compatible with
quantum gravity. The equivalence theorem is valid, and thus consistent with the intuition that field redefini-
tions are a mere change of variables in a path integral, provided that: the redefinitions are local, invertible (i.e.
non singular), and they do not affect the boundary conditions of the system, nor the spectrum of its asymptotic
particle states. The S-matrix associated with the the effective action (5.1.1) ((5.1.2), (5.1.3)) remains invariant
under the following transformations of the graviton g,,, and Kalb-Ramond B,,, fields,

g//u/ = Guv +a Tuu;
B, = B, +d'Fy, (5.1.4)

where

Ty, = BiR,, + BaRg,, + Bak*HuapM, P + Bak? g Hap H,
Flu = BsVaH . (5.1.5)

It is obvious that only the O(a’?) terms yield O(a’) terms under this transformation, while O(a’) terms yield
only higher order O(a’?) terms. The transformed O(a’) action thus reads:

S = So + a'(550 + Sl),

where §Sy can be calculated to be

HQ

6

1

(SS():@

1
<2RT — T" Ry — —Hu\HM T + K2 H 0 H M TH + 2/@2F,,,\VMH‘“’A> V—gdPz

1 B 1 B, (D-6
—/[4 . (Bl+(D—2)Bg)R2—ﬁRWR“”+Z (33+(D—2)B4—31—( . )BQ> Hy H' R

2

1 v KQ VRO K:
+ 5(B1 — B3)H a1, P R + EngN)HWH H o — 5 (

Bs + (D — 6)By) (HuaH")?

+ BsV , HMPVYH, A,,} v—gdPz.

(5.1.6)
This, in turn, means that the O(a’) action becomes
1
(080 + S1) = / {W RyuapB*™ P + (A — 8B1) Ry R™ + (A + 4By + 4(D — 2)By) R | +
5\1 X?
1 1 K DUVAP Ap puv
-3 1-— 3\[ HuwnHorp R + (A3 —4B; + 4B3) HurpHo P RMY +
X3
2 2(D — 6) \
—2B3s—2(D-2)B -B —B AHPY
+(/\4 3 —2( ) 4+3 1+ 3 2) HuwaH R]—F (5.1.7)

A1
KQ 2 v loa VRO
t { (1 9\f> H AP Hyp " Hoow + (As + 12B3) HEN Hyn 1Y H o +
s

A
+ (X —2B3 — 2(D — 6)34)(%,MHW)2] + ( 27 + B5> VMH”APV”HUM,}\/Tg dPx.
N———

X6

A7
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Therefore, the seven coefficients A1, ... A7 are specified within a five parameter space spanned by By, ..., Bs.
One particular set of coefficients that yields a unitary action that matches string amplitudes is given by [5]:
M =4 =1 =-2)= %,)\5 = -3, X = %,)\7 = 0. Plugging these in, we get the most general O(a’)
effective string action in D spacetime dimensions:

1
(050 + S1)ceneral = / {W (RuwrpR*™ ™ — (8B1 +4) Ry R*™ + (1 + 4By +4(D — 2)By) R?) +

1 1 K v v
- g |: (1 - 3\/§> H#W{HAP RM )\p + (4B3 - 4B1 - 2) Hu)\pHVAPRM +
1 2 2(D—6
+ (3 + 3B+ %BQ — 2By —2(D — 2)34) ’H,WAH“”AR} + (5.1.8)

° 2
+ % |: (1 — 9\/3) HHV/\H#PUHD;;”H)\U,@ + (1233 — 3) HHAPHV)\;)HVKUH#KU+

2
+ <3 —2B3 —2(D — 6)B4> (HW{H“"A)Q} + B5V,LH“APV"H,,M}\/—9 dP.

We may restrict these transformations such that the resulting action remains unitary by preserving the Gauss-
Bonnet combination (B; = Bs = 0) and removing the VMH“)"’V"HVA,, term (Bs = 0). Thus, we obtain:

1
(050 + S1)unitary = / {16&2 (R;Lu)\pRHV)\p — 4R, R" + R2) +

1 1 K 12 v
- 8[ (1 ~37 \/§> Hyww Hop RN 4 (B3 — 2) Hyn 1o N RMY +
1
+ (3 —2B3 —2(D — 2)B4> HWAH“”R] + (5.1.9)

° 2
+ % [ (1 — 9\/§) ’HHVA’HMPUHWKH,\UH + (12B3 — 3) Hﬂ)\pﬂw\p%mo%uﬁg—&-

+ (2 - 28020 - 08 (w2 | [zt

which is the most general unitary heterotic string effective action that matches string amplitudes in D dimen-
sions.

5.1.2 Quadratic Generalized Curvature Invariants

We will now show (as it has already been done in [41] for example) that the condition of unitarity is incompatible
with the Kalb-Ramond field strength having the role of torsion in general D dimensions. To do that, we need to
categorize the quadratic curvature invariants in the generalized curvature scheme, i.e. in the case where H,,, )
assumes the role of torsion. We thus define a contorted connection by

FA A K g
F;w = F,uu + %H ) (5.1.10)
such that the torsion tensor is given as T},,, = %’H wrA- In this scheme, the leading term in the effective action

can be written as (see Appendix (B) for more details)

1 1 DN D
0= [ (g grant) Vg

= / %R\/Tg dPz.
2K

(5.1.11)

where R is the generalized Ricci scalar. In quadratic order, there are 6 different scalar invariants we may
construct, which correspond to the different ways one may contract the generalized Riemann tensor (which is
less symmetric than the Levi-Civita connection Riemann tensor), namely:

Runp R Ry ,R*MP Ryun,RM™, R, R"™, R,,R" R (5.1.12)
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This “basis" of invariants is not unique, and in fact it is more convenient to work in a different basis, that of
[51]:

Gf = R?, (5.1.13)
G3 = Ry, R", (5.1.14)
GT = Ry, R, (5.1.15)
Gy = Ru,R™" — 4R, R"" + R?, (5.1.16)
GF = Run,R"> — 4R, R™ + R?, (5.1.17)
G = —A(Runp B — ARuuap R*NP + Ryuynp RMM). (5.1.18)

In this basis, the two Gauss-Bonnet-like terms G’I, G;‘ appear explicitly. We may calculate all these scalar
invariants (which are valid for a connection with general torsion) in our specific case, where the torsion is
totally antisymmetric and the Bianchi identity V[, = 0 also holds.?! By doing that, we get (modulo total
derivatives if we assume that these terms are part of an action):

_ 2 1
GF=R?*- grﬂﬂwmﬂ”*R + §,<;4(HMHW)2, (5.1.19)
_ 2 4 4
G = Ry, R + gﬁﬂwmp“mw - gHQ/HM W 352(V NHM M (VP H )
) ) (5.1.20)
_ §H4HHV)\HMPOHWJKH>\0H + §H4HHAPHV)\/JHUKUHM&U;
_ 4 4
GT = RuapR" M — 267 H 1, " R + gHQHM,\p'HVA’OR“V - gmz(VAH‘“’A)(VpHWp)
9 9 (5.1.21)
- §K4HWHMP”HW“HM + §H4HWHWHWHW,
_ 2
GT = RuuxpR" ™ — AR, R" 4 R? — 2K*H s Ho " RM N + 462 H 0, 1 M R?Y — S52H v HY R
9 9 1 3 (5.1.22)
- §H4/HHV)VH/LPG,HV[)KJH>\O'K, - §H4HHAPHV)\/>HVKUH#K,U + §KJ4(H/LV)\HHV)\)27
. 2 4 2
GF = Ru\,R" — 4R, R" + R* + gn%wmﬂzwﬂ + gnmwﬂfﬂm” — gn%wﬂwm 5123
2 2 1 "
= G H Y T oy Hogs = K I s o + G (Hpua H)?,
. 64 32
Gt = §K4HMUAH}LPUHmeH)\GK, _ §K4'HW\P'HVAPHVWU’HHKU. (5.1.24)

In this form, it becomes clear that G7, G5, G4 cannot be a part of a unitary action, because no linear com-
bination eliminates the problematic terms for both the graviton and the Kalb-Ramond field?2. Therefore, the
most general unitary action in the generalized curvature scheme (with H as torsion) is given by the linear
combination 2 (A4G} + A5G5+ + Agég‘ ), where Ay, As, Ag are suitable constants:

w2
1
SGCS = / {/{2(144 + AS)(RMV)\;)R#VAP - 4RHVRuD + RZ)“F
2 K RDUVAP 4 Ap PUYV 2 J72N
+ (| =244 + §A5 ,HW,H,H)\p R + (4A4 + §A5 /HM)\p,Hl, RMY — g(A4 + A5>/HNV)\,H R
2
+ =K% (3246 — Ay — As) HM P Hop " Horor — §n2 (16A6 + Ag + As) H' P Hyr ) H " H oo +

+

Ol = Ol N

K2 (A + A@(%mwf} V=g da.
(5.1.25)

2ln our string context, the anomaly terms in the Bianchi identity (4.1.9) contribute terms of higher order in a’ to the effective action,
hence they are ignored here.

22In the term @'1" the problematic term is R2. While this term does not spoil unitarity if replaced by a coupling to a scalar field (as is
done in the Starobinsky model), this extra scalar degree of freedom is not present in the gravitational multiplet of the string and we thus
consider it unwanted in the context of the effective string action.
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5.1.3 The Incompatibility Between Unitarity and Torsion

Our goal now is to see if the unitary string action (5.1.9) can be matched to this action. First of all, we can
equate the terms not parametrized by B3, B4 and get the conditions

1
Ay + A5 = 16’ (5.1.26)
2 1 1
—2A “As=—(1— —= 5.1.27
4 + 3 5 ] ( 3\/§> ) ( )
2 1 2
—(3246 — Ay —A5) = — |1 — —— 5.1.28
9(3 6 4 5) 24 < 9\/5) ) ( ]
which may be solved to give
1 1
Ay = —— ——, 5.1.29
4= 76 643 ( )
1
Ay = ——, (5.1.30)
° T 643
1 /1 1
Ag=—=———=]. 5.1.31
°7 64 (2 12\/§> ( :
With this solution, the action becomes
1 Y Qv 2
SGCS - W (R#y)\pR - 4R#VR + R )
1 1 1 1 1
- K DUVAP - Appuv J2N
+ ( 3 + 24\/§> HuweHarp "R + (4 24\/3) HuxpgHo PR 247{,“,)\7{ R
(5.1.32)
1 2 1 V3
2 - 1— UV po y K ok 21— VY UAp 3 VKO o
+ K {24< 9\/§>}H H " Hop" Haow + K 24+648 HEYPH Ay H " H
1
+ KQ (WL) (HMV,\HHVA)Q}\/ —g dDa:.

Comparison with (5.1.9) shows that no choice of B3, B, can yield (5.1.32) (a particularly easy way to see this
is to try to match both HM)\,,’HV)"’ R* and H“APHVA,,H”M’HHW. This, then, leads to contradicting solutions
for the value of B3). In other words, in D > 4 dimensions we have to choose between a unitary action and
interpreting the Kalb-Ramond field strength as torsion [41, 42].

5.1.4 Solving the Incompatibility Between Unitarity and Torsion in 4D

We now want to stress out that this incompatibility does not necessarily apply in the case of D = 4. There, due
to over-antisymmetrization, the following dimensionally dependent identities hold:

(HuaHM M2 = 61" MH P Ho " Horo s (5.1.33)

HY U0y HY " Mo = 2HP A H P Hy " Horows (5.1.34)
1

HynHop RN = 29,0, H, M R — g’HWHWR. (5.1.35)

Thus, the basis of independent terms is reduced in D = 4. This is the crucial fact that will allow us to interpret
‘H as torsion in a unitary action. One way to confirm the above identities is to replace H with its dual in D = 4,
i.e.

HMA = 1,0,V (5.1.36)
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We may use these identities to simplify the actions (5.1.9) and (5.1.25) (post-compactification to (3+1)-dimensions)
and obtain?®®

1 v v
(6So + Sl)Umtary {16%32 (RIW/\[)RH Ap _ 4R, R" + R2) +
1 2 AP PRV 1 HUA
- g 4B3 - ﬁ H;L/\pHV R + ﬁ - 233 - 16B4 Huy,\H R + (5137)
2 2
+ % [ (—1 N +12B; — 48B4> HW*HMP”HV,J“HM] }\/—g d'z,
and?*
_ 1 8 1
S(?C_S4 = / {I€2(A4 + A5)(RﬂuApij>\p — 4R;wRHU + RZ) + §A5 <HH)\0HVAPR'M/ — 3HHVAH#U>\R> }\/ —g d4$.
(5.1.38)
We can then match the two actions by choosing
R )
By = 31 (4 9\[) (5.1.39)
1
Bs = T ( > (5.1.40)
1 11
Ay = 12 ( 5 3\f) , (5.1.41)
3 22

In this case, the resulting unitary effective string action, where #H is assumed to play the role of torsion, reads

1
(650 + Sl)Umtary Torsion — / {16/{2 (RW/\pRWAP — 4R, R" + R*) +

1 /9 99 1 (5.1.43)
— (2 (1= "2 ) | HuopHo PR — S H P AR b/ —g dia.
(7 (1 503)) [t s
The full action can be written in terms of the generalized curvature as
1 - a ~ _
S = / galit (A4GT + A5G§)} V—gd'z
f1 , ) ) o ) ) ) o )
B / ﬁR + % [A4 (RWAPR/\[]W — 4R, R + R2> + As (RMMPRWM — 4R, R + R2)]} Vogdlx
[ 9 3 (17 22 _ SApL -
= R = == y o 4 y Vi
/_2/-;2R+ { R+224<3 9\/§>(R“*PR By B)
,i 1,2 (R N RMAP _ AR R/w) /fgd4ac
224 9v3) VP "
(5.1.44)

In D = 4, the Gauss-Bonnet combination is a total derivative, which we may ignore. Thus, the full effective
action reads:

S = / {Z;R - %HWHW +d (122/5 —~ 218> <HM,,%JPRW - ;HWHWR)] V—gdiz. (5.1.45)
Since C_v’j{ is the Gauss-Bonnet combination in an Einstein-Cartan manifold, it is easy to see, from (5.1.38) and
(5.1.44), that the effective string action is characterized by a single quadratic curvature invariant, namely G5,
which provides the non-vanishing HH R terms. In the next section we shall discuss the emergence of dynamical
axion fields from the totally antisymmetric torsion interpretation of the Green-Schwarz-modified Kalb-Ramond
field strength (4.1.6), following [5] (or [30] in the StRVM context).

231t should be noted that, since the field redefinitions are performed in the D = 10-dimensional low-energy heterotic string effective
action, we should set D = 10 in equation (5.1.9). Then, we may proceed with the compactification to D = 4 dimensions, and only
afterwards we apply the dimensionally dependent identities to the (3+1)-dimensional action. Note that the processes of field redefinition
and compactification do not “commute”, in the sense that if we compactify first and then do the field redefinitions in D = 4, we obtain an
action with different coefficients. For more details, see Appendix (C)

24Interestingly, the invariant Gér vanishes in 4D for a totally antisymmetric torsion. The invariant Gi. being the Gauss-Bonnet
combination with torsion (Euler density in Einstein-Cartan spacetimes), reduces to the ordinary Gauss-Bonnet combination in the absence
of torsion (Euler density in Einstein (General Relativity) spacetimes).
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5.1.5 A Comment on the Non-Existence of Parity-Odd invariants

Before proceeding, it is worth making a short comment about parity-odd quadratic invariants in the context
of our study of quadratic generalized curvature invariants. These are invariants that involve two generalized
curvature tensors and the Levi-Civita tensor. Thus, their existence, number and explicit form are strongly
dependent on the number of spacetime dimensions. It is trivial to see, for example, that such invariants do
not exist in any odd number of dimensions, since the number of indices in those is odd and a scalar cannot be
formed. In even number of dimensions, such invariants exist up until D = 8, because that is the maximum
number of free indices two generalized curvature tensors have. Therefore, the absence of such invariants in
10D Heterotic string action should not be a surprise, since they simply do not exist. In D = 4, the number of
parity-odd invariants is four [51]:

G7 = Rijur, B = RR, (5.1.46)
Gy = 1" RyyapRuo™ = RupapRM, (5.1.47)
Gy = 0" Ry, R, (5.1.48)
_1_0 = nApKO-RuV/\pRRU'LW = le/\pékp;w, (5.1.49)

where we have assumed a general torsion. Note that G s is the topological Pontryagin term, a total derivative.
If we specify our torsion to be the totally antisymmetric tensor H,,, which also satisfies the Bianchi identity
V[ X A] = 0, these four parity-odd quadratic invariants are evaluated to be (modulo total derivative terms)

Gy =0, (5.1.50)
Gy = R, R, (5.1.51)
Gy = R, R, (5.1.52)
710 = Ruwap RH. (5.1.53)

Therefore, we find that all of these invariants either collapse to the torsionless Pontryagin term or vanish, which
shows that there are no terms that the effective string action (at order O(a’ )) does not account for due to its
original formulation being in higher dimensions.

5.2 Axion-like Fields from the 7{-Torsion

Having derived equation (5.1.45), we are now aiming to show how axions arise through the Bianchi identity,
much like in the previous chapter.
5.2.1 Enforcing the Bianchi Identity as a Constraint in the Path-Integral

First, we rewrite the D = 4 effective action (5.1.45) in a more conventient form, with generic coefficient of the
higher-order corrections, as:

1 1 1
S - / <2,K;2R - E,H/LVAH#V)\ + A (H}AAPHVXPRHV - 3H1LV)\H#V)\R)> \/jgd4‘ra (521]
where
11 1
A= a/ — — ] ~0.015 a/ 5 5.2.2
(128\/§ 28> 022

in the heterotic string case. In D = 4, we saw that the Bianchi identity (4.1.9) can be contracted with the
Levi-Civita tensor 7,,,, so that it can be expressed, in tensor notation, as the scalar identity

/

nuu)\pvﬂHVAp = - 16K (R;AV/\pR#VAp - F;LVFWV>
=G(w, A).

(5.2.3)

We can now impose the Bianchi identity (4.1.14) as a constraint in the path integral of the action (5.2.1),
following [5, 30]. We do this by inserting the identity as a delta functional in the path integral:

Z = / DyDHS (0 V  Hyny — Glw, A))e'S. (5.2.4)
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We can express this delta functional as a path integral of a pseudoscalar Lagrange multiplier field b(z):2°
S0PV yHyps — G(w, A)) = / D=t S (00 Mo 4b(@)6 (. A)] =g e, (5.2.5)

where we have performed a partial integration to move the partial derivative to b and discarded the total
derivative term. Thus our effective action becomes

SEff - /(WR a BHMV)\,H#VA + A (HMAPHV)\/)R“V - 37'[;“/)\%“”)‘]:{)
(5.2.6)

— agb(a?)n"“”’\ Huwr — b(2)G(w, A)) V—gdiz.

This action is still quadratic in ‘H and, therefore, can be integrated out analytically. To this end, we first write
it in the form:

1 1
Sprp = / (MR - 57{@“1{/”@;7%“” + T s — b(:v)g(w,A)) V—gdiz, (5.2.7)
where
JHA _nauuA Opb = _|_77#V>\U d,b, (5.2.8)
and 1
vA _ = [ cv ¢ [kev Al [ v sA]
K5, = = (3050 + 4 (2Rolka50) — 61V 0502 )) (5.2.9)

The path integral then takes the (schematic) form
7 — /Dngeif[ﬁbe(w)g(w,A)]\/jgd‘Lm /DH/\Weif[—%HKHJrJH]\/ng%’ (5.2.10)

and we can proceed to integrate out 4. We perform a Wick rotation to a Euclidean version of the path integral:

Ty = /DHef([%HKH*"H]ﬁd%)E = N(det K)~ 3¢~ (37K v=ad'a) (5.2.11)
where A is a normalization constant. We may define a tensor Q***,, 5, such that

1
K/LUAQB’Y _ ngt”Aa,@’Y? (5.2.12)

and so det K = C'det (), where C is a (formally infinite) field-independent “constant”, with no physical signif-
icance, which can be absorbed in the path-integral normalization constant N, and thus canceled when one
computes normalized correlation functions, which are physically relevant. We can then write

Zn :@(detQ)féefJ‘([%~JK’1J]ﬁd“r)E7 (5.2.13)
X

such that the overall factor of % gets absorbed into the path-integral normalization constant. Then, we can use
the identity
det Q = e dt@ = rn @ (5.2.14)

where Tr denotes the functional trace of an operator. The computation follows standard treatments in quantum
field theory [50, 52, 53], generalized here to covariant three-rank tensors. To this end, we view Q‘“’Aa 57(x) as
the eigenfunction of a tensor operator () acting on the tensor field H,,»(z):

(QM)apy (2) = Q" aps (@) Huwa (). (5.2.15)
We can expand the operator () as

Q= [ V"0 D12, 5.2.16)

and any function of () is expanded as

Q) = / VG F(QM s (2))]2) 2. 5.2.17)

25The partition function (5.2.4) is parity (P) even, while the CS anomaly G(w, A) is parity odd. Hence, the field b(z) must be a
pseudoscalar so that the right-hand-side of (5.2.5) below is parity even, thus matching the even-parity nature of its left-hand side.
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The kernel is then defined as
(@[ f(@)ly) = /\/—7901‘52 F@Q" apy(2))(x|2) (=1y), (5.2.18)

and, since (z|z) = §¥)(z — z), we obtain the following expression for the kernel:

@ F(Q)|y) = FIQ"ap ()6 (x — y). (5.2.19)

The functional trace is then defined as
/(@) = [ Vgdatlal (@) = 59(0) [ Vg def(@ " (@), (5.2.20)

where the trace tr is over the internal (tensor) indices). In our case, the function f is the natural logarithm and
thus

TrinQ = 6% (0) / V—gd*ztrin (Q" o5 (). (5.2.21)

We can approximately calculate this expression by noticing that () is the identity tensor plus an O(A) ~ O(a’)
correction:

vA _ [ s sA] [ v sA] v sAl
Q" gy = <5[55ﬁ 0 +A (ZRd[géﬁéﬂ — GR[#[Q(SB%) ) (5.2.22)
N—_——
Lo QA aps

This allows us to expand In (Q*"*,3,(z)) to order O(A) ~ O(a’) as

In (Q"* o 5(z)) = In (I(’jgi + AQW/\QM) ~ AQM o5, (5.2.23)

On taking the trace, then, we obtain
trin (Q"* o5+ (7)) =~ 2AR. (5.2.24)

Thus, we have calculated the (divergent) one-loop correction at order O(A) ~ O(a’) to be

Trin Q = 6™ (0) / 2AR\/—gd*z. (5.2.25)
Therefore, the path integral takes the form

/DHef[%’HKﬂfJH]\/jgd“r — o 3mnK o~ [([§7K N v=gdta) o~ [([37K7 1 I+6@ (0 AR]V=gd'a) (5.2.26)

We can then Wick rotate back to Minkowski space and write the full path integral as:

g /Dg,Dbeif[ﬁR—b(a;)g(w,A)-&-%JK*lJ+5<4)(O)AR]\/ng“x. (5.2.27)

Finally, we shall determine the inverse of K***,, g~- Schematically, we have that,

1 -
K= §(I + AQ), (5.2.28)
where : A
_ sy
I= 5[a556,y] (5.2.29)
is the identity operator and
N — (kv el [ v gl
Q =24 (Rolla50)] - 3R ,555))) (5.2.30)
is a perturbation to the identity operator of order O(a’). Therefore (again, schematically), the inverse is
3 - -
-1 22
= = ~3(l - AQ+ A + 0. (5.2.31)
Tt 40 (I-AQ+AQ )

Since A « a’, we only keep the o< A term in the expansion. Therefore, we have to this order in a':

- v VoA VoA v A N Sy
(K1Y, =3 (00500) — A (2Rs]10500) — 6RV 0555 ) ) = B(ILE) — AQ™upy). (5.2.32)
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Before proceeding with calculating JK ~!.J, and thus the resulting effective action in terms of metric and axion
b fields, we should now give, for completeness, the modification of the duality equation between H and b due
to the higher-order corrections of the effective action (5.2.1), proportional to the coefficient A ((5.2.2)). This can
be achieved by studying the saddle points of the corresponding path integral over the H-field for the action
(5.2.7), (5.2.8). The latter correspond to the classical equations of motion of the action with respect to the field
strength H,,,», which read:

Hywx = (K1), 0™ Japy (5.2.33)

where Jag.y is given in (5.2.8), and the inverse (K’l)w)\am in (5.2.32), (5.2.30), to linear order in A x a’ (cf.
(5.2.2)). After some straightforward algebraic manipulations, we finally arrive at:

Hywn =3 (1= 2AR) Jun +18ART |, Jypjo + O(A?)
293 (1= 2AR) 2, 0 + 18 A BT, sy, 07+ O(A2)
= 30rp b+ 6A (3R" e orlop — Rnﬂyxp) 0°b + O(A2)
= 302 070 + 6A (—1puro R + Nppro Bu” — Npuvo BAT — Rijuua,) 070 + O(A?) (5.2.34)
Then, we can use the Schouten identity, namely the fact that overantisymmetrized objects vanish:
Nuro Bp)” = Muwro Bp” = Npvrne B + Mppro B — Mppvo BA7 — Muurp =0, (5.2.35)

to obtain
H/u//\ = 377;1,1/)\;) 0°b — 6A77MVAngUapb + O(AZ) 5 (5.2.36)

which is consistent with the generic result that a three form in (3+1)-dimensional spacetimes is dual to a vector
V¥, in the sense of the relation

1
H;LV)\ = Nuvo Vo= V= _EUW/)\KHMV)\ . (5.2.37)
Indeed, from (5.2.34), (5.2.37), we can calculate the dual vector as
V¥ =30"b - 6AR,"0D, (5.2.38)

and, as a consistency check, we observe that this properly reproduces H when its dual is taken. For A = 0 this
yields 0,b X 1o prp, HHP, while for A # 0 we observe that one obtains modifications of the duality relation which
amount to a direction dependent term, proportional to components of the Ricci tensor contracted with 9*b. In
the context of our StRVM, we are interested in (3+1)-dimensional Einstein spaces, for which R, = % Guv» for
which (5.2.36) reduces to

Hfli,r;)“ei“ =3 (1 — ;AR) Nuvpe 070 + (’)(AQ) , (5.2.39)
which amounts to a modification of the duality equation between H and b by a global rescaling factor depending
on the (torsion-free) scalar curvature, of the maximally-symmetric Einstein spacetime. As we shall discuss later
on in the article, the quantity |A R| < 1 during the RVM inflationary scenario, so any singular behaviour is
avoided in this case. After this digression, we can now proceed to calculate JK ~!.J, which is a necessary step
for obtaining the effective action in terms of the axion field. We have that

TPVE I gy Iauw = 3% (Japy — A(2RJapy — 6Ra™ag,))

(5.2.40)
=37 Jppy — 6A(RI* Jup, — 3R TPV Tagy).
We calculate
TP Tygy = 0pb0° PP, 5 g = —20,b07 (8065 — 8552) = 205b0%b — 20,b0° bS5, (5.2.41)
and, by extension,
TPV Jopy = —60,b0°D. (5.2.42)
Therefore, we have finally:
1
§JaﬁW(K—1)WWJW = —90,b0"b + 18A9,,b0, bR"" . (5.2.43)
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The resulting effective action is therefore given by:

Sp = / ((2112 + 5(4>(0)A> R — 99,b0"b + 18A49,,b0,bR* — bG(w, A)) V—gdz. (5.2.44)

On rescaling b — fb we finally obtain an effective action with canonical kinetic terms for the KR axion field:25

1 11 1 a3 i ~
B — (4) A - “w v ve HUAp o fm
Sk /[(%2 +07(0)a (126[ 28)) a bO"b + Gb(RWpR " )+

/ 11 > l/:| 4
— 0,b0, bR | \/—g d*x 5.2.45
“ (126\/§ 28 ( )

On replacing §¥(0) ~ A%, where A is an UV cutoff energy scale, we observe that the coefficient of the Einstein-
Hilbert (scalar-curvature) term in the effective action (5.2.45), is positive, and so unitarity is guaranteed. In
string effective field theories, the UV cutoff is the string mass scale,

A= M, =(a)"V2, (5.2.46)

whose value is bounded from above by Mp; [32]. Using (5.2.46), the final form of the string-inspired effective ac-
tion (5.2.45), containing terms of fourth order in derivatives, and respecting unitarity and torsion interpretation
of H reads:

uvps
1 KQ 11 1 /f 5 _
= 9,2 T\ Lo 5 1A H —_—— HUAp %
SE—/ |:2l€2 <1+ 7 (63\/3 14)> 8,4()8 b+ Gb(RMV)\PR Fle )_|_

!

a (1 11
—— (= pv 4 .2.47
2<14 63\[)8b8bR }/ d*x (5.2.47)

Therefore, we observe that the effects of keeping the complete four-derivative O(a’) terms in the effective action
of the bosonic massless string multiplet, under the assumption of constant dilaton, are:

e Renormalization of the coefficient of the Ricci scalar I?, and thus Newton’s constant. The effective Newton’s
constant is smaller than the one before the O(a’) corrections are taken into account.

e Introduction of a non-minimal derivative coupling of the KR axion b with the Ricci tensor, which maintains
the shift-symmetry of the axion, as it should, given that such terms originate from a path integration of
the H-field strength, which is classically related to b via 0,0 & 15y, HHP.

It is worth noting that, when expressed in terms of the dimensionless E(x) = k b(z) axion field, the coefficients of
the four-space-time derivative terms, that is, the CS anomalous terms and the non-minimal derivative coupling
term, are both proportional to order a’/x? < 1. However, the relative magnitude of these terms can only be
determined once we know the corresponding contributions at specific cosmological eras, which we shall do in
the next section. Since we’re working in an EFT/perturbative approach, the ghosts introduced by both the CS
and the non-minimal derivative coupling term can be ignored as long as we stay below the UV cutoff [34, 37].

5.2.2 Calculating the Equations of Motion

We now proceed to calculate the equations of motion. It will be convenient in what follows to use the following
generic form of our effective action (5.2.47):

1 1 N A
Sp = / [R — 300"+ gbprRWP - QaﬂbabeW] V=gd*z, (5.2.48)

2¢>
,(1 11 )<0
= Qa _—— — 5
14 63f
1 1 K2 A
I ,
2¢%2  2K2 a a

<V
- 5.2.49
‘T L1 ( )

with

26We follow here the conventions and normalizations of [5], which differ from those of [30] by a rescaling of a’ by a factor v/3.
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For completeness we note that, on using the Ricci-tensor identity
Ry Vb = [vu, vy} Vb,

and integrating by parts in the last (the A-dependent ) term on the right-hand of (5.2.48), one can show that
this higher-order term can be written in the form:

/ VbV, bRY /=g dts = / V. (V,bVFVYb — VFOb) /=g d*a + / [(3b)* = (V. Vub)(VFVY)] /=g d'z,

=Boundary term

(5.2.50)
where [ = V,V” is the (torsion-free) gravitationally covariant d’ Alembertian, and the boundary terms are
dropped, assuming standard boundary conditions for fields in this Universe. Variation of the effective action
(5.2.48) with respect to the metric gives equations of the form:

1
2q?

A 1
O + 5 Tinps (5.2.51)

€
G = 3G 5Oty

where G, is the Einstein tensor, Tlfinw is the axion stress-energy tensor (corresponding to the axion kinetic
term only in (5.2.48)),

Ty = OubOb — %gwa&b b, (5.2.52)
CW is (a variant of) the Cotton tensor (or more precisely the C-tensor) [5, 27, 28], given as
cH =V, (Vpb Rf’“‘”)”) : (5.2.53)
and O, is the tensor that arises after variation of d,,b0,bR"”, given as
O = Vo (VuVub)V7b) — 2Ry (4(V)b) (VD) — g {(V"b)VUDb + %(Dbﬁ + %(vavpb)(vav%)] (5.2.54)

The parameter ¢ in (5.2.49) plays the role of the reduced Planck constant, renormalized by the a’ corrections.
So from now on, we replace (in all the subsequent analysis)

q— K. (5.2.55)

Variation with respect to b gives the scalar equation of motion:
Vi (00 + AR D, + gic“) —0, (5.2.56)

with " being the (gravitational) Chern-Simons current,
VK" = Ruprs RO, (5.2.57)

We next proceed to discuss the effects of the higher-order term (5.2.50) on the running-vacuum GW-condensate
inflationary scenario of [30, 34].

5.3 Implications for the Condensate-Induced Inflation

Having arrived at the effective action (5.2.48) to fourth-derivative order, we are now well equipped to revisit
the stringy running vacuum model cosmology (StRVM) [30, 35, 43, 44, 54], and see how the higher-order
terms affect the relevant conclusions on the physics of the associated inflation. To this end we should first
demonstrate that inflation is an admissible solution of the pertinent cosmological equations of motion, as was
the case of the initial StRVM. The scalar equation of motion (5.2.56) takes the form of a conserved current
equation:

V,JE =0,  J'=0"b+ AR",b+ gic#. (5.3.1)

Therefore, we obtain .

vV, JH =
: —g

Ou(v/—gJ") = 0= 8,(v/—gJ") =0 (5.3.2)

J
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On assuming a (spatially-flat) background of an expanding isotropic and homogeneous Friedman-Lemaitre-
Robertson-Walker (FLRW) universe, with scale factor a(¢), in which the axion-like fields depend only on cosmic
time ¢, b = b(t), the expression for the current simplifies to

JH = 9"b + ARMO b + gic“ (5.3.3)
which means that (5.3.2) becomes

0= 0o(v=gJ°) + 0i(V=gJ") = do(v/=gJ°) (5.3.4)

where J¢ = AR0y b + glCi, and the last equality stems from the assumption of isotropy and homogeneity in
the Universe [30], which implies

0; (\/Tg Jl') —0. (5.3.5)

Solving equation (5.3.4), we get:
JV= — (5.3.6)

where C is a constant. Hence, we obtain

. . C
JO = 8% + AR®9pb + SK° = —h+ AR%b + K0 = 5.3.7
because dpb = b and 9°b = —b (in our metric signature convention). So we have that
. C €
b= — KO 5.3.8
/=3 (1= k) T 81— ARr0) (5:3.8)

The constant C' can be set to 0 if one considers an inflationary spacetime [30]. Furthermore, on an FLRW
background, we have that during inflation, a ~ exp(H t), with H = H; ~ constant the approximately constant
Hubble parameter, for which the cosmological data imply [55]:

H = H; ~ constant < 107° k1. (5.3.9)

Thus, the time-time component of the Ricci tensor equals approximately:
00 a 2
R” =-3-~-3H", (5.3.10)
a

and thus ) c .

b_8(1+3/\H2)K (5.3.11)
In the presence of primordial GW-perturbations the gravitational CS (gCS) anomaly term in (5.2.48) can con-
dense at the end of the axion-dominated (pre-inflationary) stiff era [30]. This can drive the Universe to an
inflationary phase, characterised by approximately constant gCS-anomaly condensate and Hubble parameter
H, and a linear axion b potential in (5.2.48), breaking the axion shift symmetry. This leads to a metastable
inflation [30, 34, 37], due to the existence of imaginary parts in the condensate [37], which lead to a finite-
life time inflationary era, and eventual exit from it. However, although, from a purely dynamical systems
point of view [34, 56] it appears that it is the b-field that drives inflation, this is deceptive. The condensate
itself is a non-linear function of the (slowly varying) Hubble parameter H, depending on fourth- (and higher
(even)-) order powers of it. In this sense, it is such non-linearities of the gravitational sector that drive an
inflation of RVM type [57-61].27 To estimate the gCS condensation, the authors of [34], whose approach we
follow here, considered tensor perturbations in the context of the effective gravitational Lagrangian (5.2.48),
with A = 0. They quantize them within an effective weak gravitational field theory action [66, 67], following a
canonical-quantization approach to estimate the condensate, to leading (linear) order in a perturbative expan-
sion in the small parameter bH? < 1. In the presence of the A-dependent correction terms (5.2.50) in (5.2.48),
higher-order corrections proportional to (b)2 are expected in the condensate, which will be shown below to be
subleading. For the A = 0 case, as argued in [30], and also confirmed by the dynamical-system analysis of the

27For completeness, we mention that the inflationary exit in such cosmologies, which in general do not require external inflaton fields,
is characterised by prolonged reheating periods [62, 63], and perhaps early-matter dominance epoch, preceeding standard radiation. This
may affect primordial-black-hole populations and thus gravitational-wave profiles during early radiation era, with potentially detectable
signatures in future intrerferometers [64, 65].
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StRVM inflation of [34], and will also be reviewed below, when there is a gravitational anomaly condensate, a
spontaneous-Lorentz-violating solution of the b-axion equations of motion exists in which (K") ~ constant. We
parametrize such constant quantity by [30, 34]

b=(2¢)"2k 1 H, (5.3.12)

during inflation, where ¢ (not to be confused with € in (5.2.49)) is a numerical coefficient, which in the study
of [37] is found to be of order O(10~2), and the Hubble parameter H ~ H; = constant, satisfying (5.3.9).
As we shall demonstrate below, the order of magnitude of (5.3.12) will not be affected by the presence of the
A-dependent term in (5.2.48), whose contributions to gCS condensate are extremely suppressed. To see this,
we should use perturbation theory in b when evaluating the gCS condensate, following [34]. To this end,
formally we consider weak tensor (GW) perturbations to the FLRW metric, and work in the transverse-traceless
(TT) gauge [66, 67], which implies that only their spatial components, h;;, ¢,7 = 1,2,3, are present in the
(gauge-fixed) effective action. The respective (3+1)-dimensional line-element is of the form:

ds?* = —dt* + a*(t) (5z’j + hz’j) da' da? (5.3.13)

with a(t) the scale factor. In the helicity (L, R) basis, the metric reads:

-1 0 0 0
0 a2(t) (14 telb2inta) g2 () (14 beltzlnba)) g 5514
Juv = .3.
Iz 0 iaQ(t) (1 4 hL(t,z)\;EhR(t,z)) ag(t) (1 _ hL(t,z)\}LiizR(t,z)) 0
0 0 0 a?(t)
The helicity basis hy,, hp is related to the real linear polarization basis hy, hyx as
h ih hy —ih
hLzﬁ h _ e Tt (5.3.15)

N NG

We consider the GW perturbations h;; to be small, propagating along the z direction for concreteness. We thus
obtain the following expression for the gCS condensate, in the linearised approximation, in conformal time (the
derivative with respect to which are denoted by primes) [34, 68, 69]:

- %
(Ropo RP7) = —a% [(92h 0. + (WLD W) — (02hrd.hy) — (Whd.hp)] | (5.3.16)

As discussed in [34], the quantity inside the square brackets [...] on the right-hand-side is independent of the
scale factor a of the Universe, thus the gravitational CS condensate (5.3.16) is inversely proportional to the
fourth power of the scale factor a. To estimate (5.3.16), we first need to determine solutions to the linearized
GW equations, in the modified effective action (5.2.48), which read:

: ; : 1
{— (1 + AnQbQ) 92 — (32 (1 + )\H2b2) + 2)\n2bb> 0, + (1233} hi(t, )

= —2ier? [;2 (2@6 - aé) 00, + %bafaz - ;z}ag] hr(t,z), (5.3.17)

_ 2i2) a2 2@ 252 2;5 1
[ <1+)\nb)8t (3@ <1+)\mb)+2/\m bb) 8t+a28z] hi(t,z)
P 1. ., 1. 4
= i€k ? (2ab - ab) 8t8z + ;bat az - Ebaz hR(t,x) . (5318)

We observe from (5.3.17), (5.3.18) that the presence of the Chern-Simons coupling causes the equations for
left and right waves to be different, a phenomenon known as cosmological birefringence. On the other hand,
as expected, the A\-dependent corrections (5.2.50) do not exhibit that property. Thus, such terms alone (i.e. in
the absence of the gravitational anomaly CS term, when € = 0) yield zero contributions to (5.3.16). Of course,
as we shall argue below, there are non-trivial, but suppressed A-dependent corrections if ¢ # 0. To estimate
those corrections we should first solve, following [34, 37] the above equations, in order to determine the so-
called mode functions for the two GW polarizations. Then, upon canonical quantization of Az g, which now
become quantum operators h L,R. We can estimate the vacuum expectation value of (5.3.16) with respect to an
appropriate quantum vacuum state, which, as in the A = 0 case of [34, 37], is taken to be the Bunch-Davies
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vacuum. This procedure will lead to a non-vanishing vacuum, approximately constant, expectation value for
the Pontryagin term (5.3.16) during the inflationary period (indicated by the suffix “I”) [30, 34, 37]:

a* (Ruvpo R”"’”)I = constant # 0, (5.3.19)

which, due to the above discussion, is expected to be proportional to €. Below we provide a rather heuristic
approach for the estimation of the order of the A-dependent-term contribution to the gCS condensate (for a
more rigorous approach, see Appendix D). To this end, we first assume an approximately constant b during
inflation, in which H ~ H; = constant, with the magnitude of H; given by observations [55], (5.3.9). In such a
case, terms involving b in the chiral GW equations of motion (5.3.17), (5.3.18) can be ignored. By redefining

a(t) —  a t) = a(t) \/1+ Ik2D2 (5.3.20)

the equations (5.3.17), (5.3.18), after straightforward manipulations, can be approximated by:

pes 1
[_ 07 — 3(7\@ + Waﬁ} hi(t, )
Y : 7% 1 1+ Ax2b?
~ —2ier? b1 4+ A2 [2 (;W 01 + — 90 - ﬁ 63] hi(t,z), (5.3.21)
pes 1
[— 0F 3550, + Waﬁ]hR(t,x)
) . . o 1 1+ \r202
~ 2ier? b/ 1+ Ak2D2 [2 (;W 040 + — 870, - ﬁ af] hr(t,z), (5.3.22)

As discussed in Appendix D (¢f. (D.0.12)), for the StRVM Cosmological model of [30, 34, 37, 43], the quantity
k26?2 = O(10~'') <« 1. On the other hand, upon taking the Fourier transform of the GW linear polarizations
hr r. assuming propagation along the z direction, we may replace the é(‘)z by z% where k is the magnitude of
the momentum vector of the GW polarization. We then have [30, 34] g < u, where p is the UV cutoff, identified
with the string scale [32] M, in the context of the StRVM, (5.2.46). For phenomenological reasons, specifically
in order for the inflation in the StRVM to have a lifetime in the order of 50-60 e-foldings [55], the following
constraint must be in operation, as implied by a dynamical-system analysis of the StRVM condensate-induced

inflation [34],
kM, ~ 0.2, (5.3.23)

which is also in agreement with the study in [30]. On account of (5.2.46), (5.3.23), (5.3.12) and (5.3.9), then,
we obtain that the dimensionless terms 6(%)%326 < 8.3 x 10~ 7. Thus the A-dependent terms on the right-hand
side of the wave equations (5.3.21), (5.3.22) may be ignored. In this approximation, the resulting equations,
which are expressed in terms of a’(t) ((5.3.20)), become equivalent to the corresponding wave equations of [34].
Following, then, that analysis, we may estimate the corresponding parity-violating condensate (5.3.16) in our
modified gravitational theory (5.2.48), as:

(R po RMP7) = —%(1 — A2 [(02h0.h) + (WO.hR) — (02hRrd.hY) — (WLO.hT)] | (5.3.24)
where we kept first-order terms in a series expansion in powers of A\, and we took into account the afore-
mentioned property of the gravitational CS anomaly condensate to depend on the inverse fourth power of the
(rescaled) ¢ ((5.3.20)). From (5.3.24), we therefore observe that the A-dependent corrections will be suppressed
compared to the A = 0 results of [30, 34, 37], and thus the corresponding results, regarding the inflationary
era, remain valid to an excellent approximation. We now remark that in the A = 0 case, which constitutes
the zeroth order correction in the ) (i.e. Regge-slope a’ expansion in the string effective action [32], the ar-
gumentation of [36], which was confirmed by the detailed analysis of [37], indicates that the gCS condensate
(5.3.19) is proportional to the proper number density of GW sources N during the RVM inflationary era. In [34,
37] the Chern-Simons condensate has been estimated within a weak quantum-gravity path-integral formalism
about a FLRW background. In view of our result (5.3.24), then, in our modified effective action (5.2.47), the
corresponding gCS anomaly condensate will be given by:

(Rpunpo R*P7)} = (Ruwpo RMP)I=0(1 — 20k%0%) = N7 (1 — 2Xk%0%) # REAOH® 4L (5.3.25)
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to leading order in the slow-roll parameter o' kK H b < 1 of the double perturbative expansion, in powers of a’
and b, where H is the approximately constant Hubble parameter during inflation, satisfying the observational
bound (5.3.9). As already mentioned the validity of (5.2.55) is understood. Thus, from (5.3.25), one observes
that the effects of the presence of the A-dependent terms in the modified gravitational action (5.2.48), as
compared to the A = 0 case of [30, 34, 43], is merely a very mild screening (reduction) of the strength of the
effect of the GW source terms N I’ ~ N, T(1—-2\ K2 b2) The quantity p in (5.3.25) is an UV cutoff of the GW modes,
and the ... denote corrections implied by the last term of the integrand of (5.2.48), which we have just seen
that they are subleading. The existence of this condensate means that, at a quantum level, the gravitational
Chern-Simons term in the effective action can be expanded about the condensate as

/ d'av/=gb Ryupe R = / d*wv/=gb (Ryupe R*P7) + / d'oy/=g : b Ryype M7 (5.3.26)

where the [ d*z\/—g: bR,upo Ruvpo represent quantum fluctuations, for which (: --- :) = 0. As explained in
[34], we can then write a “re-classicalised" effective action that has the form

1 1 € ~ oo € ~ oo A y
SE =/ {WR— Eaﬂba“b + §b<Rng RHVPTY 4 3 1O Ry pe RIVPT —53#178,,1)]?“ \/—gd4x. (5.3.27)

The key here is the addition of a linear-axion (monodromy) potential term ~ b(RW e E"'W’”>, which, as we will

see, drives inflation. The metric equations of motion become

1 € A 1

DUV po € b
ﬁGHV + T6<Ruypg RHVP >g,ﬂ/ - §Cp,1/ + §®uy + 5 kin v (5328)
while the scalar equation of motion read:
Vi (670 + AR™ 0,0+ gic“) _ _é (R po RHVP7) (5.3.29)

On expanding the effective action (5.3.26) about the condensate, implies in general

K= (K94 :K°:, (5.3.30)
where, as already mentioned, the : - - - : denote quantum fluctuations, characterised by a zero vacuum expec-
tation value, (: --- :) = 0.28 A constant condensate K° (which spontaneously violates Lorentz symmetry [30],

if we view the condensate as a vacuum expectation value of the topological current (K°) = constant # 0) is
consistent with inflation, characterized by H = a/a = constant and d/a = constant, which, on account of
(5.3.11), would also imply b= constant, as in the case of [30]. The reader should notice that (5.3.12) implies
a H* scaling of the Chern-Simons condensate (5.3.25) during inflation. On concentrating on the condensate
(which behaves classically), and ignoring the fluctuations, we obtain from (5.3.2), (5.3.1):

d ~ . . 2 H3
SKO(1)) + 3H (K°) = (Ryupe R#P7)) 220 A (1 - 2028%) 5 et (KO)
dt 64 (1 + 3>\H2)
272 2 € 4 4 773 6:312) 2 € 4 4 173

(5.3.31)

where we expanded to linear order in A. Eq. (5.3.31) can be solved to yield at a time thegin < t < tenq during
inflation, where fpegin (fend) denotes the onset (end) of the inflationary era:

2
(KO()) = (K" (tpegim)) exp ( — 3H (fona — toegin) |1 = N7 (1 = 3047 H?) - 962 5 K D (5.3.32)

The exponent vanishes, as is expected for a condensate, for

L= NG (1= 300N H?) s (o) 2 R 1855 % 1077 A7 (1= 30402 52172
i A i
= Np =54 10° (k2 B2 43,04 5 ) ®2 N 2 5.4 %107, (5.3.33)
K

281n the case of the gravitational CS term, the quantum fluctuations do not contribute to the equations of motion of graviton in the FLRW
background.
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given that 3.04 % < Kk 2H 2 ~ 10, due to (5.2.49), (5.3.9). This provides a justification for the (approximate)
constancy of K’ employed in our argumentation above. The initial value then of K° (tpegin) at the onset of the
RVM inflation in (5.3.32) is determined from (5.3.11) by using the parametrization (5.3.12) on the left hand
side, along with the dynamical-system-analysis estimate of the order of the parameter ¢ = O(1072) [37]. We
thus observe that the higher-order A\-dependent corrections in the effective action (5.2.48) do not affect at all
the lower bound of N7, as compared to the A = 0 case, due to the extreme weakness of those terms. Eq. (5.3.33)
is compatible with the corresponding result in [34], based on a dynamical system analysis, where one finds:

Ni
Nttt

which ensures continuity of the value of the Chern-Simons anomaly condensate during the transition from
the stiff to inflationary eras (Nsiigx denotes the assumed numerical density of sources during the stiff era that
precedes the inflationary epoch in the StRVM [30, 37, 43]). The equality in (5.3.33) is satisfied in order of
magnitude by Mgz = O(1071). So the conclusions of the previous approach of [30, 34] remain qualitatively
and quantitatively correct, upon the validity of (5.3.9), which is supported by the Planck-data phenomenology
of inflation [55]. A final remark we would like to make concerns the consistency of the condensate inflation
with classical field theory considerations. Indeed, despite the fact that the condensate is the result of quantum
GW primordial excitations, which condense, nonetheless its value remains consistent with the Euler-Lagrange
(classical) equation of motion for the axion-like field b, after the formation of the condensate, in a FLRW
background:

~ 7 x 10, (5.3.34)

~ 3 (6:3.31)
bi ~

. . , 2 o 2
b+ 3HD = g (Ryupe RM7P7) Ni (1= 20202) =S kb H? = NG =S

64 72 64 72

where in the last line we ignored the subleading A-dependent contributions. To check the validity of this
equation, during the condensate-induced inflation, we rewrite it, for (approximately) constant, i.e. b = 0, as:

A utbH? (5.3.35)

2
€
3~ 44 H?. 5.3.36
Ni A2 K™ ( )
Using (5.3.9), we obtain from (5.3.36):
N> 1.4 %10, (5.3.37)

which is remarkably consistent with the bound (5.3.33), if one takes into account the theoretical uncertainties
involved, due to the dominant réle of GW modes near the UV cutoff M in the formation of the gCS anomaly con-
densate (5.3.19). The above result indicates that higher-derivative and higher-than-quadratic curvature terms
in the string effective action, which were naively expected to play an important role for modes with momenta
near the UV cutoff, will not affect (in order of magnitude) the analysis of [30, 34, 43] for a primordial GW-
condensate-induced inflation, which was based on lowest non-trivial order O(a’) string effective actions with
gravitational anomalies. The consistency of the condensate approach from many, rather distinct, viewpoints,
ranging from dynamical-system analysis, to weak quantum-gravity effective field theory, offers a non-trivial
support to this.

5.4 Summary

In this chapter, we have revisited the String-inspired Running Vacuum Model (StRVM) of Cosmology, proposed
in [30, 34, 37, 43, 44], by considering the most general low-energy effective gravitational action quartic in space-
time derivatives of graviton and antisymmetric-tensor fields (assuming a stabilised dilaton to a constant value,
which sets the scale for the string coupling, and hence the relevant phenomenology). In (3+1)-dimensional
spacetimes we have shown that it is possible to impose simultaneously unitarity (i.e. a Gauss-Bonnet-quadratic
curvature scheme, which ensures absence of graviton ghosts), and torsional interpretation of the field strength
of the antisymmetric tensor field, which behaves as a totally antisymmetric component of spacetime torsion.
By studying carefully the potential field redefinitions leading to the above features, we have managed to arrive
at an appropriate basis of structures, which contains only one extra term of fourth-order in derivatives, as
compared to the effective action of the StRVM, of the form

Sgxtra — /d% V=gO0babR"™ Nxd,

where R, denotes the torsion-free Ricci tensor of the spacetime geometry, and b is the massless axion-like
field. The latter is dual (in the (3+1)-dimensional spacetime after string compactification) to the field strength
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(and totally antisymmetric torsion) H,,, in the sense of (5.2.36), when order a’ terms in the effective action
are taken into account. Nonetheless, for Einstein spaces (as is the inflationary spacetime of interest here) this
modified duality relation maintains the essential structure of the duality relation between H and b, but now
includes a global proportionality scalar factor, dependent on the scalar spacetime curvature (cf. (5.2.39)),

Einstein __
{Binstein _ 3

(1 ~ 0.015 a

5 R) oo 07D

We have explained in the main text the way the above A-dependent term S{*""* arises, after path-integrating
the torsion H,,, field in the partition function with respect to the generalised four-derivative effective action
(5.1.45). The axion field is introduced in the path integral as a Bianchi-identity constraint-implementing
Lagrange multiplier field, which is originally non-dynamical. The dynamics of b(z) arises after the (Gaussian)
path-integration over the #-torsion. The parameter A\ « a’ = MS’Q, and this implies that the contribution of
the parity-even term in the parity-odd gravitational anomaly condensate is negligible, for the values of string
scale M required for the correct phenomenology of the StRVM inflation [34]. This leads to the conclusion that
the analysis of the StRVM, which ignored such A-dependent contributions was complete, in view of the extreme
suppression of these terms. We have also discussed a remarkable consistency of the anomaly-condensate-
induced inflation in the context of the StRVM, which stems perhaps from the exactness of the anomaly term
per se. Indeed, we have shown how the value of the gravitational anomaly condensate, as estimated by a
weak-chiral-GW quantum tensor perturbations effective field theory, is consistent with the satisfaction of the
classical Euler-Lagrange equations of motion of the axion b(z) field, thereby pointing towards a “classical”
nature of the anomaly condensate. As discussed in [30], this is also consistent with a spontaneous violation
of Lorentz symmetry due to the formation of a vacuum epxectation value of the temporal component of the
topological current corresponding to the Chern-Simons gravitational anomaly term, as a consequence of the
GW-induced anomaly condensation.
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Conclusion and Further Work

In this thesis, we have explored theories with torsion. Starting from the very basics of Einstein-Cartan theory,
we saw the geometric structure of theories with torsion. Then, we proceeded to see how fermionic matter can
act as a source for torsion, similar to how mass acts as a source for curvature. We then proceeded to examine
the parity-odd Holst term in the context of Einstein-Cartan theory and showed that it is rather preferred to
complete it into the Nieh-Yan term, a topological invariant. We finished our exploration of Einstein-Cartan
theory by showing how torsion can be transformed into an axion, by making a reasonable assumption.

After that, we explored the heterotic string effective action, first in leading order, and then including all O(a’)
corrections. We found that one can draw parallels between this theory and Einstein-Cartan theory, as the
Kalb-Ramond field strength can be interpreted as a totally antisymmetric torsion tensor. By focusing on the
cosmology of this model, and more specifically in the tensor perturbations of the FLRW metric, we saw that
the Pontryagin term has a nonzero vacuum expectation value, and thus forms a condensate, which turns out
to be proportional to H*. This effectively generates a linear potential for the axion, which drives inflation.
The condensate can have an imaginary part, which signifies a finite-lifetime, thus giving an exit mechanism
from the inflationary period. Finally, the extra O(a’) term, which was initially omitted from the discussion, is
shown to produce subleading effects in the calculation of the condensate, thus confirming the validity of the
phenomenology followed initially. The derivation of this extra term is rather interesting. The O(a’) effective
string action contains multiple terms, but is subject to field redefinitions. We first restricted ourselves to
field redefinitions yielding unitary actions. Then, we also demanded the Kalb-Ramond field strength to be
interpreted as torion. In 10D, this has been shown to be impossible. Curiously, however, in 4D it turns out to
be possible. This process ends up yielding a single extra term for the axion in the effective action.

It is worth examining prospects for further work in the future. First, the new term was only examined in the
context of its contribution to the inflationary period. Its effects during other cosmological eras have not been
studied, although it is highly likely they are trivial since it is a perturbative term. However, one should note
that, since it couples to the Ricci tensor, scalar perturbations of the metric might become relevant. Finally,
another avenue worth exploring is the action (5.1.44), in the context of Einstein-Cartan theory, i.e. having
the full torsion tensor. At leading order in Einstein-Cartan theory, the equations of motion for the irreducible
components ¢, and T}, yield zero, and hence the equivalence between Einstein-Cartan theory and the effective
string model we have is strong. It is worth exploring whether this equivalence may hold in quadratic order for
some specific action. The only way for that to happen is if the extra terms cancel or are total derivatives. It is
worth mentioning that we should also include the invariant (_?g in the action, since it gives non-trivial results
if the other irreducible components are kept.

In conclusion, this thesis has aimed to bridge the gap and draw parallels between Einstein-Cartan theory and
the low-energy heterotic string effective action. At the same time, it has attempted to showcase a physically
interesting property of both theories, that of the generation of an axion and a Chern-Simons term that lead to
inflation due to the parity-violating nature of the Pontryagin term. Future work will attempt to bridge the gap
between the two theories further, by considering quadratic actions in the context of Einstein-Cartan theory.
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Appendix A

The Gauss-Bonnet Term as a Total
Derivative: Three Proofs

In General Relativity, the Riemann tensor has three independent contractions: Ropea R, Ry R* and R2.
The O(R?) action can therefore be written as a combination of these three terms, which can be arranged in the
Gauss-Bonnet combination, which is a topological invariant in 4 spacetime dimensions:

G = Rupea R — 4R, R™ + R? (A.0.1)

Below we show that the Gauss-Bonnet combination a total derivative in 4.D.

A.1 Schouten Identity Proof
The Gauss-Bonnet term can be written in differential form notation as the 4-form:
G = R™ AR Nx(eq NéyAeéeAeéq) =napeaR™ A R (A.1.1)
We can then use Cartan’s second equation (1.3.14), i.e.
R™ = dw™ + w®. A w® (A.1.2)
and get that

G = nabcd(dwab + w“e AN wd’) A\ (dde -+ wcf A wfd)
= nabcd(dw“b A dw® + dw™ A W A wl? 4+ W% A w® A dw 4w Aw® A W A wfd)

G1 G2 G3
The first term can easily be written as a total derivative, since

0

G, = d(w™® A dw®) = dw® A dw®d + W (A.1.3)

The second term can be written as a single expression after renaming indices and moving dw to the front:
G = 2dw™ A w s A w!? (A.1.4)
Hence, we have simplified our expression to the form:
G = Nabed (d(w“b A dde) + 2dw®™ A W A wl 4+ we Aw® A W A wfd) (A.1.5)

To simplify this further, we must use dimensionally dependent identities, since this term is not a total derivative
in the general case. To obtain dimensionally dependent identities, we use the fact that overantisymmetrization
of indices yields vanishing results. This is also sometimes referred to a Schouten identity. In our case, we
have:

Mabead?) = 0 (A.1.6)

which, after expanding, gives us a total of 5 terms:

nabcdég - nabce(sg + nabde(sg - nacde(sg + nbcdeég =0 (A~1‘7]
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We can then multiply this Schouten identity with w®; A w®® A w®; A w®@ in order to obtain a scalar identity. We
may calculate and find that

nabcdégw“f AW AW Aw' = nepeawe Aw® A W A wl? =G4 (A.1.8)
—nabceégw“f Aw® AW Aw = —ngpeqwe A wa Awfe AW = -Gy (A.1.9)
nabdeéfw“f Aw?Aws Aw' =Gy (A.1.10)
—nacdeégw“f Aw®Aws Aw' =Gy (A.1.11)
nbcdeégwaf AWl AW Aw? = npegew®e Aw® Aws Awd =0 (A.1.12)

Therefore, the scalar identity becomes
G3 =Gy (A.1.13)

However, we have that
P = w' ANwbp Awl® = PP (A.1.14)

and therefore G4, must vanish, leaving us with the identity
G3 = Napedw?e AwP Aws Awl? =0 (A.1.15)

A quick way to convince ourselves that this is true is to expand the sums of this term. Since 7,54 is involved,
the only nonzero terms are all the permutations of terms where all indices are different. Let us examine the
a=0,b=1,¢c=2,d= 3 term:

No123w’e A w A w2f Aw!? = +1(w% A w?! + W05 A W) A (W2 AW 4+ w? Aw'?) (A.1.16)

Hence, we get a sum of four 4-forms. However, it is readily seen that in all terms the same 1-form (e.g.
w?) appears twice. As the wedge product of two 1-forms that are the same vanishes, this tells us that
No123w’e A w A w2f A wf3 = 0. Similar reasoning can be applied to all other terms, which are permutations
in 0123 of this term, to arrive at a similar result, thus giving us the fact that the quartic in w term vanishes. It
is worth pointing out that the only assumptions we made were that w is a 1-form with 2 Lorentz indices and
that it is antisymmetric in those two indices. Thus, this vanishing identity applies to all such 1-forms (e.g. the
contorsion 1-form). Therefore, we now have

G = Naped (d(w“b A dde) + 2dw® A W A wfd) (A.1.17)
In order to show that the last term is a total derivative, we first need to notice that
nabcdd(w“b AW A wfd) = nabcd(dw“b AW A wl? 4 2w A W A dwfd) (A.1.18)

Then, we use the Schouten identity (A.1.7) once again, this time contracting with w A w® A dw®?, and get

nabcdégwab ANws A dw® = w® A W A dw'? (A.1.19)
fnabceéc’;wab AW A dw® = w® A W A dw’? (A.1.20)
nabdeégwab AWy A dw®® =0 (A.1.21)
—nacde(Sgwab AW A dw® = —dw™ A W A wld (A.1.22)
nbcdeégw“b N wcf A dw®® = —dw™ A w“f A wl? (A.1.23)

Therefore, the Schouten identity gives us
w“b/\wcf/\dwfd:dwab/\wcf/\wfd (A.1.24)

and thus
nabcdd(wab N wcf N wf‘i) = 377abcd(dwab N wcf A\ wfd) (A.1.25)

Therefore, putting it all together, we have finally proven that the Gauss-Bonnet term can be written as a total
derivative of a Chern-Simons 3-form:

2
G = apeaR™ A R = ngpeqd <w“” A dw®d + gw“b AwSs A wfd) (A.1.26)
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A.2 Clifforms Proof

Here, we will show an alternative way to prove that the Gauss-Bonnet term is a total derivative. Instead of
using the Schouten identity, we will use the so-called Clifforms (Clifford-valued differential forms), as done in
[70, 71]. We define )

w= Zaabw“b A.2.1)

where o0, is the commutator of two gamma matrices:

Oab = %[%,%] A.2.2)
We can then show that
G35 = Napeqw®e N w A W A wl? Trysw A w A w A w] (A.2.3)
and
Nabead(W™ A W€ A wl?) o Tr[ys(dw A w A w + 2w A w A dw)] (A.2.4)

Besides a tremendous simplification in notation, this approach offers a remarkable property: we can use the
properties of the trace and of differential forms. It is then almost trivial to prove what we desire. For example,
on the first (quartic in w term: First, we use the trace cyclic property to move the last w to the front:

Tr[ys(wWAw Aw) Aw] = Trjw Ays(w Aw Aw)] = Tr[ypsw A (wAwAw)]

where we have also used the fact that 75 commutes with w. Then, because w and (w A w A w) are both odd
forms (1-form and 3-form respectively), we may exchange them by introducing a minus sign:

Triysw A (W AwAw)] = -Tr[ys(wAwAw) Aw] = —G3

However, this is just minus of our original quantity. Therefore, this term vanishes identically, i.e. G3 = 0. For
the other term, a simple use of the cyclic property of the trace yields

Trlvsw A (w Aw Aw)] =Tr[3y5(dw A w A w)) (A.2.5)

which implies the dimensionally-dependent identity (A.1.24), thus proving that the Gauss-Bonnet term is a
total derivative of a Chern-Simons 3-form. It is worth commenting that, in this formalism, the dimensionally
dependent nature of our computations enters through the number of gamma matrices.

A.3 Transgression Formula Proof

A third way to prove the identity is using the so-call transgression formula. This proof is contained in [25]. Let
us consider a family of connections given by

W = tw® (A.3.1)
The corresponding curvature is given by
R = tdw + t?w?, A w® (A.3.2)
and the Gauss-Bonnet term is
G = Navea RY® A RY! (A.3.3)

By the Fundamental Theorem of Calculus, we get that

dG
A —*dt Gi|,_, — Gi|,_, (A.3.4)

However, ¢ = 0 corresponds to a zero connection and hence zero curvature, while ¢ = 1 corresponds to our
desired connection and hence curvature and Gauss-Bonnet term:

G = / @dt (A.3.5)

Therefore, we need to first calculate dG’ . We have

dG d d d
ditt = Nabed = 7t Rab VAN Rbd + nabcdRab A fRCd 27’]abcde?b AN Rid (A.3.6)

G =
t dt dt
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Using the fact that w® = w?, we can show that
dRab
D8 = dw™ + 2w, A w® = dtt (A.3.7)
Therefore, we get _
Gt = 20apeaD0™ N RS? (A.3.8)
Then, we use the fact that, 0
D, (™ A R{) = D™ A RS — &% A DR (A.3.9)
due to the second Bianchi identity, and get that
Gt = 2apeaD (W™ A RY) = 2D (apeaw™ A R{T) = 2napead (@0 A REY) (A.3.10)

where we have used the fact that Dn.pcq = dnaped = 0 as well as the fact that the covariant derivative acting
on a scalar reduces to the exterior derivative. Hence, we may now replace Rfd and get that

Gt = Napead (2tw™ A w™ + 22w A w®p A w!?) (A.3.11)
Then, we can integrate and find

1
) ) X
G= / Gidt = ngpead (w“b Awed 4 gw‘“’ AwCs A wfd> (A.3.12)
0

thus proving the fact that the Gauss-Bonnet term is the derivative of a Chern-Simons 3-form.
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Appendix B

Decomposition of the Generalized
(Contorted) Curvature Tensors and Useful
Identities

Let us assume a torsionful connection of the form:

BA A K g
Fuu - F;u/ + 737'[ Hvs (B.0.1)

V3

In this case, %7—[’\ uv Plays the role of the contorsion tensor K A wv- The torsion tensor T wv 18 given in terms
of the contorsion tensor as
T = 2K ") = (K" — K%). (B.0.2)

Therefore, in our case, for a totally antisymmetric contorsion, the torsion tensor is given as

2K
T,u,u)\ = 77'[/,“/)\' (B.0.3)

V3

We can then use the above to “decompose" the generalized curvature (torsionful Riemann) tensor into the usual
(Levi-Civita connection) Riemann tensor and the totally antisymmetric torsion H using the relations:

2

— K Y
R/J.I/)\p = R,u,l/)\p + ﬁ (V/\Hp,up - VpH,u)\y) + ? (Hp/\aHUpV - HupaHU/\V) (B.0.4)
P k N oA
RH«V = Rl“’ - EV)\HHV + 37'[”)\ H vo (B05]
R =R~ S H" Uy (B.0.6)

For a totally antisymmetric torsion tensor, the first Bianchi identity for the Levi-Civita Riemann tensor,
R, juxp) = 0, results in:

1
Hal M Ry = S He" H R (B.0.7)
The second Bianchi identity, Vi, R, |xp = 0, results in
/R,LWVPHWW—g d'z = /VP(R,LWH“”A)\/—g d'z (B.0.8)
Through partial integrations and commuting covariant derivatives, we also get
/ VaH,uw, VPH! A =g d'e = / VAo VIR = HAPN Y00 —g dia
+ / VAH" AN o/ —g dz — / H, N Hop, R/ —g di (B.0.9)

+ /HKHVHK)\pR;Lu/\pV ) d41'
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The Bianchi identity for the Kalb-Ramond field strength, V(,H,, = 0, results in:
HILPUHHV)\VUHVA;) =0 (B.0.10)

and
/ Vo Hun VPH! A =g die = / Vo (Hua VPH! = 3HIY A0/ —g d*e
+3/V)\HMV/\VPH#VP\/—gd4LC—3/Hﬂ/\pHy,\pRMV\/—glefE (B.0.11)

+3/HK‘L”H”’\9RWAP\/—9 d*z
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Appendix C

Field Redefinitions Directly in D=4 Field
Theory Effective Actions, Beyond String
Theory

In this Appendix, for completeness, we shall give the result of the field redefinitions (5.1.4), (5.1.5) directly to a
D = 4 field theory action, which has formally the same form as the O(«) string action (5.1.1) ((5.1.2), (5.1.3))
but here it represents a four-dimensional four-derivative field theory action, independent of strings, for which
the standard S-matrix equivalence theorems [45-50] apply. In such a case the parameter

Va! = % (C.0.1)

may be identified with the inverse of an energy scale below which the effective field theory is valid, i.e. an UV
cutoff, not related to the string case. Below we shall outline the relevant differences between the two formalisms,
and show that in the context of a cosmological model, like the StRVM, the basic conclusions are not affected in
order of magnitude. Should one perform the field redefinitions directly in D = 4, there are different identities
for the torsion terms that can be used, as compared to the D > 4 case studied in section 5.1.1. In this case,
the expression (C.0.2) becomes

_ 1
(050 + Sl){?n}iry = / {16&2 (RWAPR’“”\’) — 4R, R" + RQ) +

1 2 1
— 2| (4Bs — —=—= ) H,n, H P R™ + (23 4B)7—Lw H’“’*R}+ C.0.2
8|:( 3 3\/§> AP 9\/§ 3 4 HUA ( )

2 2 .
hps { (1 - o5t 2B+ 2434) HWH;/"’HW“HM} }\ﬁg d'z,
and matching with (5.1.38), yields

1 1 1
By =—--B3+

— + —, (C.0.3)
2 24 108V/3
By=+z+— €.0.4
3 ] 9\/57 <M
A cos
Y7128 963’ o
_3 .1 (C.0.6)
°T 128 T 963 o
instead of (5.1.39).
The resulting unitary effective string action where #,,,, also plays the role of torsion reads
- 1 y »
(550 + Sl)gn}iw, Torsion — / { 16%27 (R/_w,\pRH Ap 4RNVRM + RQ) +
(C.0.7)

,1 1, 2 Ap HV,E 2N —— 44
8(2 9\/§> {H;LAPH,, R 37-[#”7-[ R| py/—gd'z.
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Appendix C. Field Redefinitions Directly in D=4 Field Theory Effective Actions, Beyond String Theory

Since in D = 4 the Gauss-Bonnet quadratic-curvature combination is a total derivative, which is thus ignored,
the full effective action reads:

1 1 1 1 1
S = / {MR - E’HWHW +a (m —~ 16) (HMP’HUAPR“” - 37{“”7#“3)] V—gd*z. (C.0.8

The reader can compare directly (C.0.8) with (5.1.45), and the difference arises in both, the magnitude and
signature of, the coefficient of the O(«’) terms.

The resulting effective action (in terms of the axion fields, that arise after the H-torsion path integration)
maintains its generic form (5.2.48), but now with

1 1
A=d (- ——=]=0.0930 >0,
(8 18\/§>
1 1 ) 1 K2
L _ A :7(1_ , 7), C.0.9
2¢? 2&2{ o O/:| 2k? 0093a2 ( )
_o/\/§
ok 127

where now o is given by (C.0.1), related to the UV cutoff scale of the effective theory, which is not the string
scale. As this is a gravitational theory, it is natural to identify M with the effective Planck scale ¢ (C.0.9). Due
to the positive nature of the parameter ) in this case, we observe that the effective Planck energy scale ¢!
is smaller than the bare one, x~!. In fact to maintain unitarity of the theory (¢> > 0) we need to impose the

constraint:

10.76 k2 > M? (C.0.10)

which is naturally satisfied if we impose the transplanckian conjecture, according to which no energy scale
in our effective field theory should exceed the Planck scale. The opposite happens in section 5.2, (5.2.49),
where, because of the negative nature of the respective parameter )\, the effective Planck energy scale ¢ (which
is always positive for any A\ < 0) is larger than the bare x~'. In the context of the D=4 dimensional StRVM, with
the improved effective action (5.2.48), the value of 0 < A = 0.09?;# is such that, with the natural identification
M = Mp, = qil, the A\-dependent term in (5.2.48) still makes subleading contributions to the gCS condensate
in the context of the StRVM, for which (5.3.12), (5.3.9) are valid.
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Appendix D

Conformal-time Analysis of \-dependent
Corrections to the gCS Condensate

Going into conformal time, the wave equations for the chiral GW modes (5.3.21), (5.3.22) become:

v\ 2 by 2iek?

14+ w2 <> n + (2 + 2K 2) ny — 0%hy = 9. (V"W +Vh] —VOZhy) (D.0.1)

a a a

v\ > b 2i
(1 + A2 (a> > (2 +2\k 2aa> hp — 0%hp = :—”a (V"W + bWy — b 02hpR) (D.0.2)

Going into Fourier modes:
4, ' dSk ik

hr r(n,7) = / (27‘(‘)% e hg}zﬁ(”)a (D.0.3)

and substituting, we get

RVEY LA W PV UL W, o4 khy = 2]““1 VI R K2R
+ AR E LR 7_|_ n—— s LET T2 ( Pl L,;;"' L,E) (D.0.4)

A by’ 2ker?
2 " 2 / 2 _ . ANS AN 21/ N
(1 + Ak (a) > Wy o+ (2 + 20k ) WogtWhpp==3"1; (b W o+ VR, 1+ k2D hR’k) (D.0.5)

where [ = +1 and [_; = —1. By bringing all terms to one side, we get:
v\ 2 k d vy k k
2 " 2 2 i / 2 2 / _
1+ A& <a> + 2ex? Iz > b h [2a + 2Ak T + 2ex lﬁﬁb ] hL,E +k [1 + 2ex leagb} hL,E =0
(D.0.6)
by 2 b/ ? 2[ k bl h// K Qb/ b// 2[ k b// h/ k2 2l k bl h _
1+ K E — 2ek“ly— “+ 2*“"2 e a — 2ek E? R,EJF 1 —2¢ek Ea72 RE ™
(D.0.7)
These can be rewritten as 1
2
h’L’REJr PLRkh’LRk+kQLRkhLRk 0 (D.0.8)
where
+)\ Sb/ i +l Slafb"
Py pi=2- - LA (D.0.9)

1+ A2 (b/) + QZE ZL,REIﬁlQ;%b/

1+ 21317, rew? 20/
Qi = e (D.0.10)
w 1+ Ae? (5)7 + 2051, ger? 5V

The reader should note that the potentially dangerous modes with momenta i.e. k that lead to the cancel-
lation between

/ 2
0~ Ak (b> + 21 ZLA,RmQ%b’
a a

93



Appendix D. Conformal-time Analysis of \-dependent Corrections to the gCS Condensate

for [zl r = —1 in the denominators of PL, ha PR7 i; are superhorizon (frozen) modes (k < aH), since they satisfy
k ~ 0.053aH, hence this condition is never met by the subhorizon modes (k¢ > aH) that contribute to the
formation of the condensate [34]. In any case, the difference between L, R modes (birefringence) persists for
all subhorizon modes k.

Taking into account that k/a < = M, as appropriate for the UV cutoff of a string-effective theory like the
current one (cf. (5.2.46)), we can estimate, using (5.3.12):

k. V2d k. 10t . 1071 H
2Zp= k22 < b= 107 *MpH=-—10"2<10"6 D.0.11
T 12T M2 T MsMpy PEE = ~ ( )
Ae20% =10 1d/ K2B% = L_110—2M2 H? = 10—3H—2 <1071t (D.0.12)
MZM?3, P M2~ o

which allows us to approximate Q:

2 ko, 2 (V) 2k
Q >~ | 142l rex lg—=b L—=Ar"( — | —2lglL res”—0b
a a a

(D.0.13)
2b12 2 ko, 2224k2b/2
~1—-Ak (a) (1 + 2lz 1 rek aQb) —AlZ1T ge°R (a) (a) + ...,
where [, = +1 and [ = —1 and the ... denote higher-order terms in our small-parameter expansion. Define
o p = e /" Prnidd (D.0.14)
hthat LP, = 2°88E and h tions b
suc at -P; pp= enE an e equations become
2
" LRk ¢/ 2 _
hL,R,E + 2zL B EhL,R,zz +k QLA,RJ?hL,RJ_c‘ =0 (D.0.15)
Then, if we define
¢L,R,E = ZL,R,EhL,R,E> (D.0.16)
then, 1, i satisfies the equation
" 2 —
wL,R,EerL,R,EQZ’L,R,E*O (D.0.17)
where
1 R
2 12 L,R,k
Wi Rk T k QL,R,k I (D.0.18)
L,R.k
We can perturbatively expand @1, r and find that
v\’
Qrri=1- k2 <> + O(Xe) (D.0.19)
’ ’ a
or, in cosmic time, )
Qp i =1- A0+ O(Xe) (D.0.20)
Furthermore, we have that )
2 . pP: . P
LRFE _ L,Iz,k n L,R,k (D.0.21)
2L RE 4K 2K
and we can show that
Lk _a
2 = — +erklplp rAL 4 ARPY (A1 4+ Ag) + O(Xe) (D.0.22)
2L.RE a
where )
1 ! b/ !/ b// b/ " b/l/
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a a a a a a a a
and

1 d\2Y  vad'  a (b
Ap==|—[= == (D.0.24)
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In cosmic time ¢, we have that

Al =a [b + Hb — (H2 + a) 6] (D.0.25)
a
and
i . R .
Ay =a gb—i—HQb—i— -+ 2Hb| (D.0.26)
Hence,
7 p i k ; b B2 .
R g2 (H2 + ) + 2 () lilLr ( b + Hb— H?*h— b) +M&2b| b + = +3Hb (D.0.27)
ZL,R,E a a a b
Therefore, overall, we can evaluate wi’ RE= k2Q LRE™ Z R’E in cosmic time:
) o (BN 0io , i , [k ; b i
W2 pr=a| (2) (1= we2?) = (H2+ 2 ) —en? (=) lglo ( 0+ Hb— H?b = 2
(D.0.28)

This can be rewritten as:

. “ee '.2 ..
—)\chb(b +bb+3Hb>]

k2 i k ; .G . B2 ; ENZ.
W o= a? () - <H2 + ) —er? () lFlL.r ( b+ H)— H% - b) A% (B o 4 3HD + () b
R, a a a a b a

(D.0.29)
and so we have that (D.0.17) can be written as
w? .
" 2 o o ] L,Rk o
Ve Rk T RV Rk = 0= Y pp + HY L g+ - Vi =0 (D.0.30)

ie.,
wL,R,E + H,(/)L,R,ﬁ +

2 .. ..
<k> —<H2+a>—6/€2 (k)l,-g‘lLR(b-i-Hb—HQb—ab)
a a a a

. DRy "2 . 2 .
— Ak%b ( b+ % +3Hb+ (’;) b) 1 Yppip=0.  (D.0.31)

For b ~ const and % ~ H? we have that

; . B\ 2 k . E\Z.
YpritHYp i+ (a) — 2H? 4 2er? (a> lp 1, R H?b — AR? <a) bzl by pi =0 (D.0.32)
or, equivalently
b H k21 M22) — 282 4 206 (B 121, pH2 =
q/}L,R,E_F dJL,R,I;_‘_ a ( — AK ) — + 2ex g ElL,R wL,R,E_O' (D.0.33)
We rescale % = 7“7;‘”252 (cf. (5.3.20)) and get:
. . k 2 2 2 1 k 27
wL,R,E+H1’Z}L,R,E+ 5 72H +2€I€ m 5 ZEZL,RH b QZ]L,R,E:O’ (D034)
which, upon expanding, becomes
. ) k2 ) , [k %1 0 B
Yy ritHY, gt = —2H" + 2¢x z lilo,rRHb+ O(eN) | ¥ pz=0. (D.0.35)

This is nothing other than the corresponding wave equations of chiral GW linear polarizations of [34], expressed
in terms of the rescaled scale factor a’ (5.3.20). Following the canonical quantization approach of that work,
then, in the evaluation of the gravitational CS condensate for weak b, leads to (5.3.24) in the text.
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