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Abstract: Several aspects of torsion in string-inspired cosmologies are reviewed. In particular, its
connection with fundamental, string-model independent, axion fields associated with the massless
gravitational multiplet of the string are discussed. It is argued in favour of the role of primordial
gravitational anomalies coupled to such axions in inducing inflation of a type encountered in the
“Running-Vacuum-Model (RVM)” cosmological framework, without fundamental inflaton fields.
The gravitational-anomaly terms owe their existence to the Green-Schwarz mechanism for the
(extra-dimensional) anomaly cancellation, and may be non-trivial in such theories in the presence
of (primordial) gravitational waves at early stages of the four-dimensional string universe (after
compactification). The paper also discusses how the torsion-induced stringy axions can acquire a
mass in the post inflationary era, due to non-perturbative effects, thus having the potential to play
the role of (a component of) dark matter in such models. Finally, the current-era phenomenology
of this model is briefly described with emphasis placed on the possibility of alleviating tensions
observed in the current-era cosmological data. A brief phenomenological comparison with other
cosmological models in contorted geometries is also made.
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1. Introduction: A Case for Going beyond GR and Riemannian Geometry

General Relativity (GR) has provided a very successful framework for the classical
description of gravitational interaction [1], which works and has been tested very well at
both local (terrestrial, astrophysical) and global (cosmological) scales. Local GR is tested
very successfully with solar data [2]. At large, cosmological scales, the global version of
GR, namely its Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmological solution,
in the presence of a positive cosmological constant, A > 0, including a Cold-Dark-Matter
component (ACDM paradigm), seems to describe well the precision measurements in
modern cosmology, coming from a plethora of diverse observations [3-5].

The ACDM paradigm changed our perception for the evolution and properties of the
universe that we have held for most of the 20th century. According to the overwhelming
majority of data interpretations, the universe appears to be currently accelerating, entering
again a (approximately) de Sitter-like phase, with an equation of state almost that of a
positive-cosmological-constant-dominated universe w ~ —1, like in the inflationary era,
but with a much-smaller-in-magnitude Hubble parameter. Ordinary (mostly baryonic)
matter constitutes only ~5% of the current-epoch energy budget of the universe. The re-
maining 95% of the observable universe’s current energy budget consists of unknown
substances: ~25% of the universe budget appears to be Dark Matter (DM), which currently
is of an unknown origin, and we only have astrophysical (i.e., gravitational) evidence for its
existence, and ~70% corresponds to an unknown form of energy (dark energy), responsible
for the universe’s acceleration, which in the current-era behaves as a positive cosmological
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constant (there is, however, the trend of Modified Newtonian Dynamics (MOND) [6],
and its relativistic field theory variants [7], which claim that there is no DM in the universe,
but only modified gravity laws at galactic scales. At present, though, such an alternative to
DM models appear to be in significant tension with data from colliding galaxies, which
seem to favour the DM hypothesis, including DM self-interactions [8]. However, such
issues are still open for debate, and will not be discussed further here).

In 2015, the discovery of Gravitational Waves (GW) by the LIGO/VIRGO interferome-
ters [9] has given another great boost to GR, as it confirmed one of its greatest predictions.
The waves were the result of the merging of two celestial objects, which have been claimed
to be rotating black holes. This discovery opened up a new era for astronomy, which can be
used to test further GR, in the sense of potentially constraining the parameters of, or falsi-
fying, modified gravity theories beyond GR, where, e.g., black holes can exist characterised
by (scalar-field) secondary hair. Moreover, imaging of the shadow of a supermassive
black hole in the centre of the giant elliptical galaxy M87 in the Virgo constellation by the
Event-Horizon Telescope (EHT) [10] is expected to contribute novel, and in some respects
complementary to GW, ways of constraining black hole physics [11], and in general testing
beyond-GR classical gravity theories. Indeed, black-hole solutions in modified gravity
theories would have observable (in principle) modifications of their shadows compared to
those of the GR black holes. One of the types of such black holes arises in string-inspired
modifications of GR, which involve exponential couplings of a scalar (dilaton) field with
quadratic-in-space-time-curvature-tensors Gauss—Bonnet (GB) combinations [12]. In re-
cent years, such modifications of GR have also been considered in the framework of the
so-called scalar-tensor (Horndeski-type) gravity theories, where linear couplings of the
scalar field with GB terms occur, respecting a shift symmetry amounting to constant shifts
of the scalar [13-19]. These models also have black holes with secondary scalar hair. Other
theories beyond GR, whose black hole solutions can be probed experimentally, are the
so-called Chern-Simons theories of gravity [20,21], which involve Charge-Parity (CP) vio-
lating anomalous derivative couplings of pseudoscalar (axion-like) fields with gravitational
Chern-Simons terms.

However, despite its phenomenological successes, the need to go beyond GR is
rather pressing from a theoretical point of view. Quantisation of Gravity, that is the
development of both a mathematically and physically consistent theory of Quantum Gravity
(QG), following the example of the rest of the fundamental interactions in nature, still
remains an important outstanding question in fundamental physics, which, if resolved,
will undoubtedly lead to concrete modifications of GR [22]. GR, as it stands, is a non-
renormalisable theory, and, thus, it cannot, by itself, be the appropriate theory for QG
(whether gravitational interactions, though, have to be quantised like the other interactions
in nature is still an open issue. For instance, in [23], gravity is conjectured to be an entropic
force, which has its origin in changes in the information associated with the positions
of material bodies. In this review we shall not adopt this viewpoint, but assume that
gravity needs to be quantised). Although effective low-energy field theories, based on
GR, of a quantised weak gravitational field about a given space-time background are
currently in operation, and may give important information on the (perturbative) fixed-
point structure of gravity (see, e.g., the “asymptotic safety” approach [24]), they do have
limited success, since they cannot provide answers to the fundamental question on the
dynamical emergence of space time itself.

At present there are several frameworks for dealing with such fundamental QG issues.
The most developed is string theory [25,26], which offers a consistent quantisation of
gravity, along with the other fundamental interactions. This framework leads to concrete
modifications of GR, given that the low-energy gravitational effective actions contain (an
infinite number of) higher-order terms in both derivatives and curvature tensors. Nonethe-
less, at present, string theories do not constitute a truly background independent formalism,
although the potential for that may exist in future non-perturbative formulations. Indeed,
all known formulations of string theory to date, including D-brane theories, appear to be
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space-time background dependent in the sense that the emergence of the space-time itself
is still not completely understood at the truly microscopic level. Moreover, string theory is
plagued by the plethora of allowed vacua, the so-called Landscape, and the mechanism
for the choice of the physical vacuum is still not understood (some physicists even invoke
anthropic arguments to explain such a choice [27]).

Mathematically and physically consistent background-independent QG frameworks,
alternative to string theory, which have the potential of describing dynamically the appear-
ance of space time, do currently exist, and include: Loop Quantum Gravity (LQG) [28,29]
and its application to homogeneous systems, the so-called Loop-Quantum
Cosmology [30,31], the spin-foam models [32,33], and the group field theory approach to
QG [34], which defines quantum field theories of spacetime in which the base manifold is an
appropriate Lie group, describing the dynamics of both the topology and the geometry
of the universe. The perturbative limit of LQG gives rise to spin-foam models. Spin-foam
models corresponding to finite groups also exist in contemporary literature [35].

Apart from the theoretical needs to go beyond GR (at this point, it should be stressed,
of course, that although from a point of view based on string Theory (or traditional
quantum field theory), significant modifications of GR might be expected in a successful
quantum-gravity theory, this may not be the case in the other approaches, such as LQG,
whose philosophy is more about changing the way quantum theory is built, so as to be
defined non-perturbatively. Nonetheless, in this review there is a focus on versions of
LQG that go beyond Riemannian geometry, by being characterised by non-trivial torsion,
and in this respect there are notable deviations from GR in the respective continuous
low energy limits, as we shall discuss), there seem to be observational issues as well,
which prompted several theorists to seek models that go beyond the ACDM paradigm of
cosmology, and, more generally, beyond GR. Indeed, the cosmological data appear to be
characterised by interesting tensions at small scales. We have, for instance, the so-called
“Hy-tension”, pointing to discrepancies between the current-epoch value of the Hubble
parameter Hy, as inferred from local (Cepheid galaxies) measurements [36-38], and that
obtained by means of Cosmic-Microwave-Background (CMB) measurements of the Planck
collaboration, based on a fits within the ACDM framework [5]. Current structure-formation
data also seem to be characterised by a disparity in the root-mean-square (r.m.s) value of
the current-epoch matter density fluctuations, within spheres of radius 8 1! (with i ~ 0.7
the “reduced Hubble constant”), inferred by ACDM fits, as compared to the r.m.s. value
obtained by local direct measurements at low redshifts [39-41]. This latter type of tension is
called the “o8 tension”. Although one cannot yet exclude the possibility that such tensions
are due to insufficient (at present) data accuracy and/or statistics, given that the pertinent
discrepancies are all currently within 20 — 30, nonetheless they caused excitement among
the pertinent physics communities and their resolution prompted research into theoretical
models beyond ACDM, including going beyond GR, via modified gravity theories [42,43].
We mention at this point that one such theoretical framework is the so-called “Running
Vacuum Model (RVM)” framework [44—46] (where a time-dependent vacuum energy is
assumed, but with equation of state wyacuum = —1 as in the de Sitter case). This provides
an effective smooth evolution of the universe, from inflation till the current era [47-50],
with, in principle observable deviations from ACDM [51-57], which notably can also
alleviate simultaneously both types of tensions, Hy and o3, in the current data [58,59] (for
another model with dynamical, “running”, dark energy, where the space-time is associated
with a dynamical field (dynamical space time), and its phenomenological consequences,
see [60,61]). In this review we shall derive such an RVM cosmology as an appropriate low-
energy limit of string theories, under some special circumstances that shall be discussed in
detail [62-65].

The emergent space-time geometries in all the above approaches, including string
theory, need not be Riemannian. Indeed, torsion [66] could well be present in the effective
gravitational field theories arising from the above microscopic models of QG. For in-
stance, generalised geometries with torsion may arise in the low-energy limit of string
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theory [25,26], where the torsion is provided by the field strength of the spin-one antisym-
metric tensor (Kalb—-Ramond (KR)) field of the massless bosonic gravitational multiplet of
strings. In this case, the torsion has only a totally antisymmetric component in its world
indices, due to the respective total antisymmetry of the field strength. In fact, in effective
four-dimensional gravitational field theory, which is obtained after compactification of the
extra-dimensional string theory, this torsion is equivalent in the full quantum theory to a
dynamical massless pseudoscalar field (KR axion), which is identified with the so-called
string-model independent axion [67,68]. The presence of the pseudoscalar leads also to
axion secondary hair in the (spinning) black holes of the theory [67] (at this point we
mention that there are several interesting works in the literature dealing with the role of
string-inspired KR fields in cosmology, for instance, in the context of modified gravity
models we refer the reader to the works in [69-72] for further details and comparison with
the results reported in this review. For brane-world models, see, e.g., Ref. [73], whilst for a
potential roleof KR-inspired torsion (as an axion field) in inflationary magnetogenesis in
Chern-Simons electrodynamics see Ref. [74]). It is worth remarking that the association
of the totally antisymmetric component of the torsion with an axion field seems to be a
generic property of also contorted field theories with fermions, independent of string the-
ory, for instance contorted Quantum Electrodynamics (QED) [67], which is discussed in the
Appendix A of this review, as a prototype. Indeed, coupling Einstein—Cartan theory (i.e.,
a pure gravitational theory with a scalar curvature term in the Lagrangian, in the Palatini
formalism, where vielbeins and spin connections are viewed as independent fields, having
removed the zero-torsion constraint) to Dirac fermion fields, is the simplest theory where
the equations of motion for the torsion become non trivial. In the context of contorted
LQG, the torsion couples to the so-called Barbero-Immirzi (BI) parameter [75,76] (the BI
parameter arises in the framework of LQG when one attempts to express the Lorentz
connection of the non compact group SO(3,1) in terms of a complex connection which takes
on values in a compact group of rotations (SO(3) or its double cover SU(2)). This parameter
measures the quantum of area in LQG, and therefore plays an important rolein black
hole thermodynamics. Its value can be fixed by matching the semi-classical entropy of a
black hole with the counting of microstates within the LQG framework), 8, which appears
as a coefficient of the Holst term in the effective (continuous) gravitational action [77]:
2;<125 [ d*x\/=g "’ Ryp0, where k = V871G = My, with Mp; = 2.43 x 10'® GeV (we
work in units of 7 = ¢ = 1 throughout), is the four-dimensional gravitational constant,
P’ u,v,0,0 =0,...3,is the gravitationally covariant Levi-Civita antisymmetric tensor
density, and ﬁyupg is a curvature tensor with torsion [66] (for notation and conventions
see Appendix A). In the absence of torsion, the BI parameter B does not play any role, due
to the cyclic property of the conventional Riemann tensor, which implies &7 R,p0 = 0.
However this is not the case in contorted geometries. The Bl parameter also appears in
Lorentzian spin-foam models of QG [78], which are defined on an appropriate path integral
over discrete Lorentzian quantum geometric configurations (“geometry quanta”), which
include metric and torsion degrees of freedom. The torsion degrees of freedom arise due
to an anomaly of the algebra of the constraints, imposed on the fundamental geometry
quanta, which is parametrised by the BI parameter.

In such theories, the BI parameter and torsion affect the gravitational dynamics, lead-
ing to in-principle observable effects [77,79,80]. Cosmologies with torsion [81,82], including
modified contorted gravity theories, e.g., f (ﬁ) theories [83], have been extensively con-
sidered in the literature, and their phenomenology has been studied in detail, including a
possible relation of the matter-antimatter asymmetry and the dark sector of the universe
with fermionic-torsion condensates [84,85], arising from the four-fermion interactions that
are characteristic of all contorted theories in the presence of fermions. At this point we
should also mention the so-called teleparallel theories of gravity [86-90], which, in contrast
to the aforementioned contorted theories of gravity, in which both the metric and the
torsion fields co-exist, are only characterised by the presence of the torsion field, which
mimics the dynamics of the gravitational field. For some interesting cosmic dynamo effects




Universe 2021, 7, 480

5of 43

in teleparallel theories and connection with gravitational anomalies, the reader should
also consult [91,92]. For further investigations on such generalisations of GR, based on
teleparallel geometries see Refs. [93,94], where teleparallel models beyond f(T) (with
T denoting the torsion scalar) [86], including the so-called non-metricity scalar Q (f(Q)
gravity), and their applications to cosmology and black-hole physics are considered.

Torsion constitutes therefore a rather vast research area, rich in physical applications
(albeit not yet confirmed experimentally), as, we hope, becomes clear from the above intro-
duction, and hence cannot be reviewed in all of its aspects in this short review. Here there
shall be a focus instead on only a particular kind of torsion, already mentioned previously,
namely the one which stems from the antisymmetric tensor field of the bosonic massless
gravitational multiplet of the string [25,26,67], and shall discuss its connection with the
dark sector of the universe in the context of a low-energy string-inspired cosmology with
non-trivial gravitational anomalies [95] at early epochs of the universe [62—-65]. The anoma-
lous terms are expressed by the presence in the Lagrangian of a CP-violating gravitational
Chern-Simons term [20,21] coupled to the string-model independent KR axion, which
in (3 + 1)-dimensional space times is dual to the torsion in a way we shall explain in
detail. The anomaly terms are remnants in four dimensions of the higher-dimensional
counterterms that are inserted in the theory as a consequence of the anomaly-cancellation
mechanism of Green-Schwarz [25,26]. The gravitational anomalies are fully consistent
with the general covariance of the effective action, but describe a non-trivial exchange
of energy between the axion and gravitational fields. These gravitational Chern-Simons
terms are non-trivial when there are (primordial) Gravitational Waves (GW) present [62,96],
whose potential origin has been discussed in [63,64], and will also be reviewed briefly
in the present work. This interaction between the KR axion and gravitational Chern—
Simons terms proves essential in leading [62-64] to a cosmological vacuum of the RVM
type [44—46], which in turn implies an early inflationary era, without inflaton fields [47-50].
The formation of GW condensates is crucial to the effect. Moreover, such condensates lead
to undiluted KR axion backgrounds at the exit from inflation, of a form which break
spontaneously Lorentz symmetry. These backgrounds survive well into the radiation
era [62-64] and lead to leptogenesis in theories with right-handed massive sterile neutri-
nos [97-101]. In the post-inflationary epoch, non-perturbative effects, during the QCD era,
can generate, under some circumstances, a potential and a mass for the KR axions [65],
which thus has the potential of playing the role of (a component of) DM in this string-
inspired universe. Due to the link of the KR axion with torsion, then, one could have a
geometrical origin of DM in such models. The RVM nature of this effective string-inspired
cosmological model is maintained until the current era [62], and in this sense the model
has observable in principle variations from the ACDM, contributing in parallel to the
alleviation of the cosmological tensions in the data [51-59].

The structure of the review is the following: In the next Section 2, we review briefly
the essential features and underlying formalism of the RVM vacuum, in order to introduce
the reader into the basic concepts and techniques that we shall make use of in subsequent
parts of the article. In Section 3, we present the string-inspired (3 + 1)-dimensional gravi-
tational model, and explain the appearance of torsion and its equivalence to a dynamical
massless KR axion field. A discussion on the origin and properties of the crucial anomalous
gravitational Chern-Simons terms in the effective action, and a demonstration of their
consistency with general covariance, is given. In the following Section 4, we discuss briefly
the origin of primordial GW and their role in inducing non-trivial gravitational anomaly
terms. We evaluate the appropriately induced anomaly condensates, and demonstrate
the spontaneous breaking of Lorentz invariance by the vacuum of the theory due to the
presence of Lorentz-Invariance-Violating (LIV) non-trivial KR axion backgrounds. We
explain carefully, under which conditions such condensates lead to dynamical RVM-type
inflation without inflaton fields. In Section 5, we discuss the post inflationary era, where
gravitational anomalies are cancelled by the generation of chiral fermion matter at the exit
from inflation, in a way we shall explain in detail. We describe briefly the non-perturbative
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mechanism by means of which a mass can be generated for the KR axion fields, which can
thus play the role of (a component of) DM in the effective cosmological model. We also
discuss briefly how leptogenesis occurs in models involving sterile massive right-handed
neutrinos, which can be accommodated in our string-inspired framework. Finally, in Sec-
tion 6, instead of conclusions, we discuss briefly the modern era, in which the RVM form
of the vacuum of our cosmological model is maintained, leading to observable in principle
modifications of ACDM and tension alleviations. We also make a brief phenomenological
comparison of our string-inspired torsionful cosmology with some other cosmological
models in contorted geometries that exist in contemporary literature. Some mathematical
properties of torsion that we make use of in the article, are outlined in the Appendix A,
in the context of an instructive example—that of contorted quantum electrodynamics with
Dirac fermions coupled to an Einstein—-Cartan gravitational sector [67]. We also make a
comparison there with other topological modifications of contorted gravity existing in
contemporary literature.

2. Review of the Running Vacuum Model (RVM) Framework

The Running Vacuum Model (RVM) of the universe is a phenomenological frame-
work [44-46], which postulates that the cosmological vacuum is characterised by a de-
Sitter-type equation of state, but the vacuum energy density depends on the cosmic time,
through its dependence on the Hubble parameter H(t) = 4, in the Robertson-Walker
(RW) frame (where a = a(t) is the scale factor of the FLRW universe, assumed spatially
flat, as suggested by the data [5], and the overdot over a quantity denotes its cosmic-time
derivative d/dt):

prvMm(H(t)) = —prym(H(1)). 1)

For reasons of general covariance [44—46], the energy density of the vacuum is a
function of even powers of H(t). In fact the phenomenological RVM framework postulates
a renormalisation-group-like equation for the vacuum energy density [44—46]:

st = L an ) @

in the RW frame.

In general, one may have additional dependence on H(t). However, for our purposes
here we make the phenomenologically viable assumption that within a particular era of the
universe, the deceleration parameter of that era g = —(aii) / (4)? is approximately constant,
and thus H can be approximately expressed as H ~ —(1 + q) H?(t), hence the dependence
only on H?" in (2) suffices to explain in a smooth way the cosmological evolution of our
Universe from inflation till the present era [47-50]. It turns out that, for phenomenological
reasons, only terms up to H* in (2) play a role in the entire history of our universe, from
the inflationary era until today. Hence, solving in this case (2), yields for the RVM vacuum:

3 H*
PrVM = g + ay H*(t) + agH* (t) + - - = = <c0+vH2+vcHz+...> >0, (3
1

where in the second equality we used the standard notation of the RVM. The quantity H;
is the inflationary scale, whose value can be inferred from the recent Planck Collaboration
data [5],

Hi -5
~107°, )
Mpy
and cp > 0, v, and « are constants. In the conventional RVM, v > 0 and & > 0, and they
are assumed constants through the entire evolution of the universe. The constant ¢ plays
the role of the positive cosmological constant which is believed to be responsible for the
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current-era acceleration of the universe, according to the ACDM paradigm [5]. Its value
is just an integration constant stemming from integrating Equation (2), and thus cannot
be determined in this phenomenological effective framework. The coefficients v < 1,
as required by phenomenology (see discussion below), while a can be of order O(1).

It is not a trivial task to derive (3) from microscopic quantum field theories in curved
space. In fact, this is highly model dependent. For instance, within simple quantum field
theory models [102,103], the H* term cannot be derived, only the H? is. In this review we
shall argue on the derivation of the H* term as well, which is responsible for inducing
inflation, in a specific string-inspired model with gravitational anomalies, and the term H*
is precisely due to anomaly condensates in the presence of GW perturbations [62-64], and is
not related to ordinary matter effects. Moreover, as discussed in detail in [62], and will
be reviewed below, the coefficients v and « are not constant through the evolution of the
universe, but their values depend on the era. During the inflationary era, for instance,
the coefficient v < 0, as a result of contributions from the gravitational Chern-Simons
anomalous terms, while it is positive in post-inflationary eras, including the current one,
due to different contributions it receives than from cosmic electromagnetic fields.

Before moving onto the string-inspired cosmological model, let us first review briefly
how the RVM frameork (2) describes the entire evolution of the universe from its early
inflationary de Sitter era, to the modern one, where again the universe seems (from the
current interpretation of cosmological data) to enter another de Sitter phase. This comes
about by considering the Einstein’s equations written in the form:

1
Ryw — 38R = & (Tjh + TRM) 5)

where the subscript “m” (“RVM”) denotes matter/radiation (running vacuum) contri-
butions to the stress tensor Ty,. From the Bianchi identity for the curvature tensor

;U
(RW — % gWR) = 0, where the symbol ; denotes gravitational covariant derivative

(in a torsion-free space-time, like the ordinary FLRW universe of interest here), and us-
ing (3) in the expression of the temporal components of (5), and the Freedman equation
k2 pm + A(H) = 3 H?, we easily arrive at the evolution equation for the Hubble parameter
in the RVM universe [47-50]:

. 3 ) co H?\

H+ 3 (1+wn) H (1—1/—@—0(?%)*0, ©6)
with w,, = p™/p™ is the equation of state of matter/radiation (assumed to be an ideal
fluid with energy density p™ and pressure p™). Assuming constant cy, v, & throughout the
universe evolution, we obtain from (6) the following general solution for H(t):

1—1/)1/2 H;

H =
(a) ( \/Da3(l—v)(1+wm)+1’

@)

o

with D > 0, an appropriate integration constant, to be fixed phenomenologically. Moreover,
we also obtain:

B 3 H% (1 _ 1/)2 D 3 (1—v) (1+wm)
K2 o (D 23 (1=v) (1+wm) 4 1)2,
RVM () _ 3H? (1—v) vDa?(-v)(+wm) 41
2 n (D a3 (1) (T+wm) 4 1)2'

®)
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From (7), we observe that for the early-expanding-universe epoch, where the fields
are practically massless (due to the high temperatures that we assume characterise the
early RVM eras), one has w,, ~ 1/3 and:

Da*1Y) « 1, )

and hence one obtains an approximate de-Sitter solution (the reader’s attention is called
at this point to the fact that, as the scale factor a(t) — 0 (Big Bang) in (7), the RVM
universe, whose evolution is based on Einstein’s equations, does not exhibit an initial
singularity [47-50]. As we shall discuss later on in Section 4.1, this feature is also shared
by our stringy RVM [63,64], but there, such a feature is due to stringy effects, such as the
(infinity of the) higher-curvature contributions to the string-inspired effective gravitational
action, which become important near the Big Bang):

H(a)® ~ (1 _U)l/ZHI.

o (10)

1/2
To ensure H(a)% ~ Hj during inflation, we may postulate ((1 —v)/ uc) ~ O(1).

As we shall discuss below, modern era phenomenology requires v < 1, which implies that:
a2~ 0(1). (11)

In such an early stage (9), we observe from the first of Equation (8) that the matter
density is almost vanishing, whilst the RVM energy density is approximately constant,

3H? (1-v)
~ L 12
2 (12)

early

o ~0, pRVM early (ﬂ)
as expected in a de Sitter phase.

As cosmic time progresses, 2 becomes larger and larger, and the matter/radiation densities
started becoming non trivial, as a result of the decay of the running vacuum [47,49,50].

Hence, the radiation (i.e., relativistic matter)-dominance era, which succeeds the
inflationary era, is, characterised by w,, = 1/3 but D a*1-v) > 1, and thus from (7) we
have approximately:

171/ H[ -2

1/2
« ) JDaa " (13)

HG@ =

as expected, since v < 1 and a!/2 = O(1).

Finally, in the modern era, which is dominated by a late dark energy contribution,
during which the universe accelerates again, entering another de Sitter-type phase, we have
that w,;, >~ 0, because the matter is mostly non-relativistic. The H* in (3) is not dominant,
which, on account of (6), implies:

1/2 ~ ~ 1/2
Hmodern (g) — Hy([1— 0 —|a30 4 20 V" = B(Q,0a 30" +Qp) 14
(a) 0([ Hé(l—V)} +H§(1—v)) 0( mo + AO) (14)
where the quantities Q AD S % > (0 and ﬁmO =1-0 Ao play the role of the matter

and cosmological-constant energy densities today, in units of the critical density of the
universe, with the term Q) Ao dominant in the current era. The expression (14) leads to
observable deviations from ACDM [52]. Matching (14) in the modern era with the relevant
phenomenological data [51,52,56,57,59] yields:

v~ 0(107%) <« 1, (15)

as already announced previously.
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It should be stressed that, as becomes evident from the above analysis (7), in the RVM
framework it is essential that the coefficient v # 1. This is confirmed from the modern-era
determination of v (15), upon the assumption that the coefficients &, v remain constant
during the entire evolution, which is the typical assumption within the conventional RVM
framework. However, in the context of our string-inspired model [62-64], these coefficients
are universe-era dependent, as there are appropriate phase transitions that take place
between the various epochs. Nonetheless, the property that 1 — v # 0 continues to hold in
each era for the string-inspired RVM-like cosmological model as well. Indeed, as discussed
in [62], and shall be reviewed below, during the inflationary era one has vj,g < 0, |Ving| < 1,
and of course during the modern era 0 < vy < 1. Hence, the essential features of the RVM
evolution are valid in its string-inspired extension, which we now proceed to discuss in
some detail.

3. Review of the String-Inspired Gravitational Effective Theory

In string theory [25,26], the massless bosonic multiplet of the closed-string sector
contains the spin-2 graviton field, described by the symmetric tensor g, (x) = gvu(x),
the scalar (spin-0) dilaton ®(x), and the spin-1 antisymmetric tensor (or Kalb—-Ramond
(KR)) field, By, (x) = —Byy(x). In the closed string sector, there is a U(1) gauge symmetry:

By — Buy +3,0,(X) —3,0,(X), w,v=0,...3, (16)

where ®,(X), u = 0,...,3, are gauge parameters, which implies that the target-space effec-
tive action, which describes the low-energy dynamics of the closed-string sector is invariant
under (16), and, as such, it depends only on the field strength of By, : Hyp = 8[;4 va],
where the symbol [. ..] indicates anti-symmetrisation of the respective world indices.

3.1. String-Inspired Effective Gravitational Action with Torsion

However the requirement of the cancellation between gauge and gravitational anoma-
lies in the higher-dimensional spacetime of strings is achieved by the introduction of
appropriate Green-Schwarz counterterms in the effective action [25,26], which results in
the modification of the field strength H,,,, by the Chern-Simons (gravitational (“Lorentz”,
L) and gauge (Y)) anomalous terms (in form language, for notational convenience):

[x/
H=dB+ o (Oa—Oav),
T g \feL — flay

QSL = w”c A dwCa +

(17)
%w”c/\wcd/\wdu, Qzy =AANdA+ANANA,
where A denotes the exterior product among differential (k, £) forms (fK) A g(©) = (1)Kl g(O) A
£(K)). In the above expression, A denote the Yang-Mills gauge field one form, and wf is the
spin connection one form, with the Latin indices 4, b, c, d being tangent space (5O(1,3)) indices.
The parameter &' is the Regge slope, a’ = M2 (in units of 1 = ¢ = 1), with M the string mass
scale, which is in general different from the four-dimensional Planck scale, Ms # Mpj, and in
fact it appears to be a free parameter of string theory, to be constrained phenomenologically.
The target-space-time low-energy string-inspire effective action is expanded in powers
of &’. To lowest non-trivial order in &/, the (3+1)-dimensional effective action based on the
aforementioned massless bosonic string multiplet, after appropriate compactification of
the extra n-dimensions, reads [25,26]:

1 1
Sp = /d4xw /=8(531-R+20,00'D] — Ze * AU, WM L), (19)
where we follow the conventions: (4, —, —, —) for the metric signature,

Rwo =0 + T T — (v 0), A pv,0=0,...3, (19)
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o ~ « o
€abe "o, H = 32V —8 Ryvpr RM” = /=g G(w) = 32V —§ KM (w);u = 3278;4(\/ —glC”(w))
lxl
"~ 16x

for the Riemann tensor, Ry, = R)‘H v for the Ricci tensor, and R = g Ry, for the Ricci

scalar. In (19) ' /\W = 1"/\0]4 is the Christoffel connection is the Riemannian one, in the absence
of torsion, symmetric in its lower indices. The ... in (18) denote terms of higher-orders
in &/, which contain higher powers of curvature tensors and of (gravitational covariant)
derivatives (throughout this review we shall concentrate on the lowest non-trivial order
of string-effective actions, at most quadratic in derivatives acting on fields. In this limit,
the torsion is non-propagating, as in Einstein—Cartan theory, discussed in the Appendix A.
However, once higher-derivative terms are taken into account, e.g., when O(a’) corrections
are considered in the effective action [25,67,104-106], then derivative terms of the torsion
H appear, including kinetic-like terms of H. Taking into account such terms may lead
to interesting phenomenology, which, however, will not affect the considerations in this
review. We mention at this point that, in the (non-stringy) case of Einstein-Cartan theories,
such considerations of kinetic terms of the totally antisymmetric part of the torsion have
taken place in Ref. [107], with consequences for dark energy (from the kinetic term of the
torsion per se), as well as for the existence of a bouncing cosmology solution, due to a
stiff fluid that arises from the quadratic (“mass-like” terms) of the totally antisymmetric
torsion dual S,S* that characterise such theories, see discussion in our Appendix for
the terminology (however in our contorted QED case we consider torsion induced by
fermions [67], in contrast to the purely bosonic case of [107]. Moreover, in the stringy RVM
model [62,63,65] it is the anomaly condensate that lead to inflationary-type dark energy;,
while higher-derivative terms of the KR torsion H are suppressed for the scales relevant to
the inflationary epoch in our case)). There is no bare cosmological constant in the effective
action (18) for strings living (before compactification) in their critical space-time dimension
(in non-critical strings [108,109], on the other hand, one may have such terms in case the
dilatons are constant, otherwise one obtains relaxation dark energy (quintessence type)
terms, with the dilaton as the quintenseence field). In our approach, such a cosmological
constant term will arise dynamically through condensation of GW, as we shall discuss in
Section 4.

In the string-inspired cosmological model of [62-64], the dilaton is self-consistently [65]
assumed constant, ® = @, 9, = 0, and without loss of generality we can set its value to
zero @y = 0. It is also assumed that in the early universe only fields from the gravitational
massless string multiplet appear as external fields. This implies that we may consider the
gauge fields A as absent in the early stages of the universe evolution. Gauge fields, along
with other chiral matter, are assumed to be generated at the exit of inflation, as a conse-
quence of the decay of the running vacuum, as we shall discuss later. So from now on we
set A = 0 in the modification (17). Then, one can arrive at the following Bianchi identity:

!/

(20)
J., | ehvep ab d 2 c
ul€ wy o Weab + 3 Wyg Waeh | |/
where the semicolon (;) denotes gravitational covariant derivative with respect to the
standard Christoffel connection without torsion (in view of the total antisymmetry of
Huvp, the gravitational covariant derivative with respect to the standard Christoffel symbol
without torsion, symmetric in its lower indices, acting on H,,, coincides with the ordi-
nary derivative, and this is indicated on the left-hand side of (20), where the ordinary
T . _ 5 _ sgn(g)

de1;1vat1ve is .gw(::‘n), and smo— =./— g.ewptf, .SP‘VP‘T = .stxﬂ%; gl gVP of1 g0 — Vo eP”’P‘.T
(with Greek indices denoting space-time indices, taking values O, ...,3) are the gravi-
tationally covariant Levi—Civita tensor densities, totally antisymmetric in their indices,
with €1p0 (€0123 = +1, etc.) the Minkowski-space-time Levi—Civita totally antisymmet-

ric symbol. The symbol (/\/) over the curvature tensor denotes the corresponding dual,

ﬁyvpg = %symﬁR'Xﬁ po- In (20), we explicitly denoted the total-derivative character of the
gravitational-anomaly Chern-Simons terms /—g G(w) [95].
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Before proceeding, we notice that the quadratic H-terms in (18) can be absorbed in a
generalised curvature scheme with torsion (see Appendix A):

Sp = —21? /d‘*x\/fgﬁ(f) +..., (21)

where the generalised Ricci scalar is defined as R(T) = g"7¢", ﬁ);,vg(f), with the gener-

alised curvature Riemann tensor ﬁ)‘wg(f) defined as in (19) but with the ordinary (sym-
metric in its lower indices) Christoffel symbol replaced by the torsional connection:

_ K _

T = T + —= Hjy # T4, (22)

V3

with Ff“, = Fﬁy the torsion-free Christoffel symbol. Since the KR field strength satis-
fies ’Hffp = —Hgv, it plays the role of the contorsion [66]. This contorted geometry con-
tains only a totally antisymmetric component of torsion (using local field redefinition
ambiguities [25,26,67,104-106], which leave the perturbative string scattering amplitudes
unaffected, according to the equivalence theorem [110,111], one can extend the torsion
interpretation of H to O(a’) effective actions, which contain fourth-order derivative terms).
This is a distinguishing feature of the string model from other generic torsion cosmologies
(e.g., [82,83]), in which the torsion has more components. Moreover, since the string multi-
plet necessarily contains a graviton field, this string-inspired gravitational theory (18) is
different from teleparallel gravity [86-90], where torsion mimics the gravitational field.

3.2. Connection with Torsional Topological Invariants and Axions

An important comment is now in order concerning the form of the string-inspired
contorted action (21). The reader may observe that there is no Holst term:

SHolst « /d4x£plvpt7 ﬁ;/u/ptf(f)/ (23)

which, in other approaches to QG, like LQG [28,29] and spin-foam models [32,33], as men-
tioned in the introduction, carries as a coefficient the Barbero-Immirzi
parameter [75,76]. The absence of such a term from the perturbative string-amplitude
approach that leads to (21) can perhaps be interpreted as implying that the string effective
action is linked with the so-called Nieh—Yan invariant [112-116] rather than the Holst term
(in fact, as emphasised in [117,118], the Holst term alone is not a topological invariant,
unlike the Nieh—Yan term, which thus seems more appropriate to use in order to bring
into (a non-perturbative) play the Barbero-Immirzi parameter in continuous (contorted)
gravitational effective actions, stemming from microscopic QG models), which is a total
derivative even in the presence of torsion and replaces the Holst term [117,118].

SNiethan x / d4x (SVV'DU T/\yp Thve — ehree R\VVPU (T)) = / d4x aﬂ (‘C’HVP(T TVPU')/ (24)

where T" vp is the torsion tensor (see Appendix A), which in the context of the Einstein—
Cartan theory is a non-propagating field, as the corresponding action contains non-
derivative terms of the torsion tensor (the graviton of course is a propagating massless
spin-2 field, independent of the torsion in this formalism). Such terms, therefore cannot con-
tribute to the perturbative string-scattering amplitudes, but may exist in non-perturbative
formulations of string theory. In our case, the torsion, as already mentioned, has a sin-
gle totally antisymmetric component, proportional to the KR field strength T,y o H 1,
and thus the Nieh—Yan invariant is nothing other but the left-hand-side of the Bianchi
identity (20), that is, the gravitational Chern-Simons term.

We shall argue next that the totally antisymmetric torsion corresponds to a massless
pseudoscalar degree of freedom, which in the string context is the so-called string-model
independent or KR axion field [67,68]. We note that the association of an axion with the
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/ ~ o 1 1
Z= /DgD’H(S(eﬂbcyay Hobe — 302(7 vV —8 Ruvpo R”"P”) exp (z / d4xw/—g[ - @R —3 ’H;LWH/\W)}

totally antisymmetric component of a torsion is a generic feature of contorted models,
as discussed in the Appendix A, where the example of contorted QED is studied. To
this end, we implement the Bianchi identity as a -functional constraint in the quantum
path-integral of the action (18), where the partition function is expressed as a path integral
over the graviton and H fields:

, (25)
&

) 1 1 ~
- /DgDH Db exp (z /d4x\/—g[ — @R ~ 3 HawHM — (0ub) €,y " HC — b o Ruvpr RW”‘TD,

where the b(x) in the second line is a (canonically normalised) pseudoscalar (axion-like)
Lagrange-multiplier field, which is implementing the delta-functional constraint in the
path-integral, and we have performed appropriate integrations by parts in the exponent.
After the quadratic H path integration, we end up easily with an effective theory of a
fully dynamical axion field (KR or string-model independent axion) b(x), in a Riemannian
curved space-time, with effective action:

1 1 2 o -
1 1 2 o
= ty /ol — — Z My — /2 iz
/dxﬁ[ 53 R+ 59ub3"b ﬁgéxn (w)ayb(x)Jr...],

where K#(w) has been defined in (20), and expresses the total derivative of the gravitational
Chern-Simons anomalous terms. It is noted that the pseudoscalar nature of the Lagrange
multiplier field b(x) is necessitated by the fact that the Chern-Simons terms violate CP
symmetry, and thus the CP invariance of the gravitational Lagrangian (26) (and (18)) is
guaranteed only if b is pseudoscalar (the J-functional constraint of (20) is by construction
CP invariant).

A few important comments are now in order, concerning the effective action (26).
In [119-122], it was suggested to promote the BI parameter, which is assumed to be
the coefficient of the Nieh—Yan invariant, to a dynamical pseudoscalar field. In view of
(20), in our string case, this will lead to the reduction of the Nieh—Yan invariant to the
gravitational anomaly term, and thus to a coupling of this Bl axion field to the gravitational
Chern-Simons term. In fact, as we shall now come to discuss that the BI axion field is
essentially the string model independent axion field [67,68], upon taking proper account,
however, of the Green-Schwarz counterterms appearing in (20).

Indeed, following [120-122], promotion of the Bl parameter to a field would naively
be equivalent to considering adding to the effective action (18) a term (24) but with a
coordinate-dependent coefficient B(x), which is viewed as a field variable, integrated over
in the path-integral (with a measure Dp(x)):

(26)

gBI—field _ /d4x ﬁ(x) (gF‘VP‘T T/\P‘P Thye — MP7 R\yvptf(f))

Nieh—Yan

(27)

= / d*x B(x) 9y (S’WW TVW) « / d*x B(x) oy (e’”ﬁ" ’vag>

where in the last equality the proportionality factor takes into account the precise relation
between the torsion and the KR field strength (22). Integrating over (the non-propagating
field) H in the effective action (18), then, would produce a dynamical propagating field
B(x), with kinetic terms canonically normalised, which is the result of [120-122]. However,
the above procedure would imply a Bianchi identity constraint e#"*” 9, H,pr = 0, which
does not take into account the Green-Schwarz counterterms (20). Implementing the correct
constraint (20), as we did above ( cf. (25)), leads to the correct formulation of the association
of the totally antisymmetric torsion with a dynamical axion-like field.
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Thus, in the string case, the promotion of the Bl parameter accompanying the Nieh—
Yan invariant (24) into a dynamical pseudoscalar field cannot be done solely via (27), as
in [120-122], but by considering instead adding to the effective action (18) an appropriate
combination of topological invariants, the Nieh—Yan invariant and the gravitational Chern—
Simons term, with the Bl field appearing as its coefficient. That is, we add to the effective
action (18) the combination of topological invariants:

o ~
+ sGraV. Chern Simons — /d4x b(x) (syvpd a.” HUPU - ﬁ vV 8 R.”VPlT R;W'DU) . (28)

Generalising appropriately the construction of [120-122], where now b(x) is the La-
grange multiplier implementing the Green-Schwarz-modified Bianchi constraint (20) in the
path-integral [67,68], which becomes the string-model independent axion, as we discussed
above (cf. (25)). We remark for completeness, that, as an axion, the field b(x) respects the
shift symmetry b(x) + constant, which is a featured shared by the BI field in the approach
of [121]. Further discussion on this point can be found in the Appendix A. Equation (28)
contains therefore two propagating independent massless degrees of freedom, the KR
axion b(x), and the graviton.

We therefore conjecture, at this stage, that the promotion of the BI parameter as an
axion field, via (28), makes the low-energy string-effective action (26), based on degrees
of freedom in the massless gravitational multiplet of strings, probably obtainable also
as the low-energy continuous limit of other QG approaches, such as (appropriate ex-
tensions/modifications of) LQG and spin-foam models, once torsion and gravitational
anomalies are properly accounted for. We next note that, on taking into account the SL(2,Z)
symmetry of strings [25,26], the axion field will necessarily be accompanied also by a dila-
ton field in the effective action, which can be accommodated in such alternative approaches
to QG as well (but, as we already discussed, the dilaton can also be set self-consistently to
a constant [65,123]).

3.3. Gravitational Anomalies, Axions, and the Role of the Cotton Tensor

Thus, the effective action (26) contains complete information on the dynamics of
the KR torsion in the context of string theory, and this is the action we shall concentrate
upon from now on, to discuss the association of the pertinent cosmology with the running
vacuum, following [62-64] (it should be noted at this point that in string theory there
are several other types of axions, arising from compactification [68], which lead to a
rich phenomenology [124,125]. We discussed such issues in [63,64], but we shall not
describe them here. These additional stringy axions will not affect the basic objective
of our approach [62], which is to demonstrate the conditions under which the string-
inspired cosmological model (26) reduces to a RVM cosmology [44—46]). To this end,
we first observe that the gravitational variation of the Chern-Simons term is non trivial,
giving rise to the Cotton tensor C,,, [20] (it should be noted, for completeness, that this
non-trivial contribution of the gravitational Chern-Simons term to the stress tensor of the
axion matter does not characterise the axion coupling with gauge Chern-Simons terms
[dix/=gb Tr(FWF’“’) (with the Tr referring to gauge-group indices), whose gravitational
variation vanishes):

8] [ de/=gb Ry R] =4 [ /=g 1 bgy = —4 [ d¥x/=gCuu 38", (29)
where:
cH = _% [UU (8014&/51{1/&“ + 8(71/04/31{}55;“) + Vot (ﬁl’;wv + ﬁnfay)}, (30)
which is tracelss:

g Cuw =0, (31)
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with vy = 9gb = by, Vgr = Vr;e = b,ro. Thus, Einstein’s equations stemming from (26) read:

1 2 o'k 1
W S U <% NMop 2 U Vi, = oWV 13 — 2 TV
R — > g R \[3126 K(abab 58 aabab)_KTb, (32)
with the right-hand-side being the stress energy tensor of the KR axion, which plays the
role of “matter” in this set up (of course, the b the field being is associated with a massless

excitation of the string gravitational multiplet in this case). As a result of the property of
the Cotton tensor (30) [20].

1
M=~ 3 o' R Rypys, (33)

we obtain, from the Bianchi identity of the covariant derivative of the Einstein tensor,
the following generalised conservation law of “matter” in this system:

T + 2« ., =0 (34)
baw = V312x M

which, implies that in the presence of non-trivial gravitational anomalies, there is an
exchange of energy between “matter” (KR axion b in this particular case) and gravity,
through the gravitational anomalous interactions. This apparent generalised conservation
law is perfectly consistent with the general covariance of the system [62-64], as is evidenced
from the above equations, and in fact the exchange of energy depends on the kind of
background space time one encounters. Indeed, for a FLRW universe, the anomalous terms
and the Cotton tensor both vanish, and hence the right-hand-side of (33) is zero, leading to
the conventional conservation law of b matter. This is not the case, however, as we shall
see below, if there are CP-violating GW perturbations in the FLRW space time, in which
case the anomaly terms and the Cotton tensor are non zero. In such perturbed geometries,
there will be a non-trivial exchange of energy between the b field and the gravity sector.

4. Primordial Gravitational Waves, Anomalies, and an RVM-Like Inflation
without Inflatons

One of the basic ingredients that ensures the non-vanishing of the gravitational Chern-
Simons terms is the presence of primordial GW. In [63,64], we have discussed various
scenarios which allow the presence of GW in the primordial string universe, and refer
the interested reader there for details. In what follows, we shall only briefly sketch these
scenarios so as to give complete information to the reader as to the potential origin of GW,
which, as we shall discuss later on in this section, play a crucial role in the connection of
the string-inspired cosmological model based on (26) to the RVM [62].

4.1. On the Origin of Primordial Gravitational Waves

One of the most obvious reasons for obtaining GW is the non-spherical merging
of rotating primordial black holes that may characterise the very early string universe.
Indeed, such rotating black holes with secondary axion charge do arise as a solution of
the gravitational string-inspired theory (26) [67], where the rotating nature is linked to
the axial character of the KR axion. It is therefore conceivable that such primordial black
holes arise as a result of vacuum space-time fluctuations themselves in the context of
the model of [62], where the early universe dynamics contains no degrees of freedom
other than the massless KR axion and gravitons. In more general scenarios, involving
brane universes [63,64], punctured with appropriate massive space-time defects consisting
of D-branes compactified along the extra spatial dimensions, which, from a low-energy
brane-world observer point of view, look “effectively point-like” [126-128], GW arise
from coalescent rotating black holes which arise from the gravitational collapse of these
massive defects.
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On the other hand, as emphasised in [63,64], there are also simpler scenarios that
involve only a supergravity extension of the gravitational theory (26), which arises in
superstrings. The gravitino, which is the spin-3/2 superpartner of gravitons, still belongs
to the (initially) massless string gravitational multiplet, and hence such excitations are
consistent with the point of view of [62] that only gravitational degrees of freedom appear
as external fields in the effective gravitational action describing the dynamics of the very
early universe. One may then have, under certain conditions, the formation of gravitino
condensates, 0 = <¢H yH), which could break the supergravity dynamically, as in [129,130].
The condensate field o(x) which describes quantum excitations about the condensate, has
then a double-well potential, and may lead to unstable Domain Wall (DW) formation,
if there is a slight lift of the degeneracy of the vacua, e.g., due to percolation effects in
the early universe, which could lead to a statistical bias induced by different occupation
probabilities between the two ground states (see Figure 1). Non-spherical collapse or
collision of such DW leads then to the formation of GW.

Hill top

( (first) inflation

0 < V(0)

SUGRA broken
gravitino Condensate
stabilised 2
RVM GW-induced
Inflation

Figure 1. The double-well gravitino-condensate potential V(c) vs. the condensate field o, for dy-
namical supergravity breaking [63,64,129,130], in which there is an effective lift of the degeneracy
of the two vacua due to percolation effects in the early universe that lead to different occupation
probabilities for the two ground states [131,132]. The reader should notice that the values of the
potential at these ground states are both positive, consistent with the dynamical breaking of super-
gravity [129,130]. This bias between the two vacua leads to the formation of unstable domain walls,
whose non-spherical collapse, or collisions produce Gravitational Waves (GW). The lowest of these
two vacua indicates dynamical breaking of supergravity, with a stabilised gravitino condensate,
which also implies GW-induced RVM inflation. The model may have a hill-top first inflation, near the
origin of the gravitino condensate field o ~ 0, as indicated, which ensures that any spatial inhomo-
geneities are washed out well before the entrance of the universe intro the RVM inflationary phase,
induced by GW condensation. Figure taken from [63,64].

This dynamically-broken supergravity scenario has another desirable feature apart
from leading to DW formation. It may be characterised by a hill-top inflation [133], not
necessarily slow-roll (see Figure 1), and without phenomenological consequences, which
serves the important purpose of washing out any spatial inhomogeneities of the KR
axion and graviton fields, thus providing a physical justification of the isotropy and
homogeneity of the string universe well before its entrance to a second, slow-roll, RVM
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inflationary phase, induced by GW condensation (we remark for completion that the hill-
top first inflation is assumed to occur soon after the Big Bang. However, in the context of
string theories, whose effective point-like low-energy gravitational field theories contain
in principle an infinity of higher-derivative, higher-curvature terms, there may not be
an initial singularity. This feature is already demonstrated at the level of dilaton-Gauss—
Bonnet modified gravity theories [134], which are embeddable in string theories. As we
have already mentioned in Section 2, the absence of initial singularities also characterises
the RVM cosmology. Such issues will not be of concern to us in the current work, as we
are interested in the epochs well after the Big Bang, where the effective field theory (26)
suffices for the description of the pertinent dynamics). It is this second RVM inflation that
has phenomenological consequences and can be constrained by cosmological data [5]. This
justifies the assumptions and analysis of [62].

4.2. Gravitational-Wave Condensation, Gravitational Chern—Simons Terms, and RVM Inflation

In the presence of GW perturbations, the Chern-Simons term is non trivial [96]. In
this subsection, we shall assume first that we are in an inflationary phase, where the
Hubble parameter is approximately constant, and evaluate the corresponding condensate
of the gravitational Chern-Simons term by integrating out graviton fluctuations up to a
momentum cut-off scale y1. Then we shall demonstrate [62], based on generic properties of
the Cotton tensor (30), that the cosmological vacuum satisfies indeed a de Sitter equation of
state, while the vacuum energy density assumes an RVM-like form (3), with a non-trivial
dominant H* contribution, but a negative coefficient of the H? terms, due to non-positive
contributions of the gravitational anomaly to the stress tensor of theory. Inflation then,
without inflaton fields, which we assumed as a background, is justified a posteriori self-
consistently by the early universe solution of the evolution Equation (6) for the Hubble
parameter that characterises the RVM.

Let us review the situation concretely below. We shall be brief, since, for details,
we refer the interested reader in [62-64]. On assuming GW perturbations on a FLRW
inflationary background space-time, with constant Hubble parameter Hj, is equivalent to
considering the following metric in the FLRW frame:

ds® = dt* — a?(t) [(1 —hy (t,2)) dx® 4+ (14 hy (t,2)) dy? + 2hy (t,2) dx dy + dzz], a(t) ~ eflit, (35)

in standard notation for the polarisations of the GW, assumed propagating along the z-
direction for concreteness. Integrating over GW perturbations (graviton modes), with spa-
tial momenta of magnitude k up to an Ultra-Violet (UV) cutoff u, one obtains for the
gravitational-anomaly condensate [62,96]:

~ 1 v @k H? 1 / Hy \2
(Ryypo RMP7) :—61(2/ d Lite = (71> e

2] aoae 72\ My, o)
2 1 Hi\3 [ p o\ 0
= g0 o) e t
37296 x 12 (Mpl) (Mpl) Mpy < K(E),
to leading order in the slow-roll parameter:
24K =

with the overdot denoting derivative with respect to the cosmic time f in the RW frame.
The covariant anomaly four vector KF(t), assumed isotropic and homogeneous, is defined
in (20). We stress again that this isotropy and homogeneity can be justified by the aforesaid
scenario of having a first hill-top inflation before the RVM-like one [63,64].
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From the anomaly Equation (20), assuming homogeneity and isotropy, we have that:

d ~
LK) = (R R, 8)
from which, using (36), we easily arrive at an evolution equation for K°(#), which admits
as a solution:

1 H; \2 4

0(s) — §0 _ _ _ i S

KE) = Kegin(t = 0) exp { SHit (1 372 x 18 x 96 (Mpl) (MS) )} (39)
where K2, i ,(t = 0) is a boundary condition that can be determined phenomenologically

in the context of low-energy string effective actions [62-64]. We observe from (39) that an
approximately constant KV throughout the duration of inflation can be obtained under the
condition of an approximately vanishing exponent on the right-hand-side of (39), which
amounts to the approximate relation (to be understood as an order of magnitude relation):

I Mpp\1/2
—— ~ 15— . 4
=15 () (0

The Planck Collaboration data result (4) for the inflationary scale [5], then, combined
with (40), imply:

1~ 0(10%) M. (41)

Due to the homogeneity and isotropy of this early universe, the equation of motion
for the b field, stemming from (26), admits the solution:

= 2 o
b= \f — K", 42
396« (42)
which for approximately constant K° implies b ~ contant. This violates spontaneously
Lorentz invariance. Parametrising this solution as:

b = V/2eH Mp,, (43)

with € a phenomenological constant parameter, we observe [62] that (43) is consistent with
the Planck Collaboration slow-roll data [5], provided we set:

e=0(1072). (44)
This implies:
b(t) = b(0) + V2eH;Mp t, Hj~ constant, (45)

with b(0) the value of the field b(x) at the onset of inflation at cosmic time t = 0.

A few remarks are now in order. If we insist on the theory respecting the transplanck-
ian conjecture, that is, that there are no modes in the theory with momenta higher than the
Planck scale, which acts as the ultimate UV cutoff of the effective theory (assuming the
Transplanckian Censorship hypothesis (TCC) in inflationary cosmology [135], i.e., that “any
inflationary model which can stretch the quantum fluctuations with wavelengths smaller than the
Planck length scale out of the Hubble horizon is in the swampland”, then it was argued in [136]
that this would imply very small Hubble scales during inflation, which would in turn lead
to negligible amplitudes for primordial GW. However, one of the two basic assumptions of
this conjecture is that there is instantaneous reheating of the universe right after inflation.
Relaxing the instantaneous reheating assumption, as happens in some low-reheating cos-
mological models, lead the authors of Ref. [137] to bypass the aforementioned constraints,
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and obtain high allowed upper bounds on the inflationary scale, inversely proportional to
the (low) reheating temperature (in units of today’s CMB temperature), while respecting
the TCC. In the RVM [44-50] and stringy-RVM [62-65] frameworks, there is no reheating
of the universe during the RVM-vacuum decay that occurs at the exit of RVM inflation.
Thus, such assumptions can be avoided, and, thus, the scale of the stringy RVM inflation,
of interest to us in this review, can be high, in agreement with the standard phenomenology
(cf. (4)) [63]), and combine this requirement with the slow-roll condition for the b-field (37),
(43), and (44), we obtain that the string mass scale is restricted to lie in the range [63,64]:

2.6 x 1073 Mp; < M > 107> Mp; . (46)
An average order of magnitude of M;, then, which satisfies (46), is:
M;s = O(107%) Mp,, (47)

which we may assume for the rest of this article. On account of (41), then, we may deduce
that y ~ Mpy, that is, the UV cutoff of the effective theory is of order of the subplanckian
string scale (47).

A direct consequence of (45) is that b remains undiluted at the end of inflation and thus
non trivial well onto the radiation era [62-64]. As we shall discuss in the next section, such
a non-trivial b induces Lorentz- (LV) and CPT-Violating (CPTV) leptogenesis in models
that involve massive Right-Handed Neutrinos (RHN) in their spectra [97-101].

The condensate (36) also leads to the condensate (bR ;p0 RMP7)_ The latter remains
approximately constant until the end of inflation, at time fenq, with teng Hy ~ N, where N is
the number of e-foldings, which phenomenologically can be taken to be N ~ 60 — 70 [138],
provided:

[6(0)] > V2eN = 0(10), b(0) < 0. (48)
Mp,

This will lead to a de Sitter contribution to the effective gravitational action [62]:

A(H)
KZ

S = \E;élx /d4x¢j8<5Ryupvﬁ*‘”p”> = —/d4ijg
~ /d4x\/fg(5.86 x107° (& )4@ [m} HY).

S

(49)

where the validity of (41) is understood, and we replaced H; by H, allowing for a mild
t-dependence of the Hubble parameter, for the sake of comparing with the formulae of the
RVM framework.

What we shall do next is precisely to evaluate the equation of state of this fluid, by
evaluating the total energy (pota1) and pressure (piora1) densities, which receive contribu-
tions from the KR axion field (superscript b), the gravitational anomaly Chern-Simons
terms (superscript gCS), and the condensate (49) (superscript “condensate”):

Ptotal = Pb + ngS + pcondensatel Protal = Pb + ngS + pcondensate_ (50)

Using properties of the Cotton tensor, discussed in Section 3, and exploiting the “stiff”
equation of state of the KR axion “matter”, p, = pj;, we straightforwardly arrive at the
following relations [63,64]:

1 1 1
Pb — +Ph, PgCS _ g‘OgCS = Ph + ngS _ pb + gngS _ _gngS _ _(Ph +ngS) >0, (51)

and

pcondensate - _ pcondensate <0, (52)
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which imply a total equation of state for piy1 and pyoa) of a RVM (de Sitter-like) type (1).

It is important to stress that (51) are valid because of generic properties of the Cotton
tensor and the stress tensor of the KR axion, T;jv, independent of the existence of a GW
condensate. From (51) we observe that, were it not for the condensate (49), the gravitational
anomalies, due to their negative contributions to the energy density, would make that fluid
behave like “phantom matter”, with negative energy density and positive pressure, violat-
ing the weak energy condition [139,140]. Nonetheless, the dominance of the condensate
term (49) in the early universe, which scales like H* and is characterised by the standard
de Sitter-like equation of state (52), renders the total energy density positive [62]:

2 _
0 < Protal = 3k~ [— 1.65 x 1072 (K H) + ? B(0)| x x 5.86 x 10° (k H)ﬂ (53)

under the condition (48).

The energy density (53) also has the form (3) of a conventional RVM energy
density [44-46], but the coefficient of the H? term is negative, due to the gravitational
anomalous Chern-Simons contributions,

Ving = —1.65 x 1073.. (54)

Moreover, there is also no evidence for the presence of a non-zero constant ¢y in this
early RVM-inflationary phase, although such a (positive, cosmological) constant can be
generated at late eras of the universe’s evolution [62], as shall be discussed in the Section 5.

As follows from (51) and (52), the fluid obeys the RVM equation of state (1), for H(t) de-
pending (slightly) on cosmic time, in the sense that in such a case, the effective gravitational
action, describing the dynamics of the system, contains a de Sitter (positive-cosmological-
constant-like) condensate term (49) plus fluctuations around that, the latter being described
by the gCS and KR axion terms in the effective action, which obey a RVM (de Sitter-like)
equation of state (51). Hence, although in our analysis above we have assumed initially a
constant H, in order to compute the GW-induced anomaly condensate (36), nonetheless the
explicit derivation of an RVM equation of state for this fluid, for non constant H(t), implies
the emergence of a dynamical RVM inflation, without the need for external inflatons, as a
solution to the temporal evolution of H(a) within the RVM framework (6), discussed in
Section 2. The only difference is that in our stringy early universe, there is no radiation or
other matter, only fields from the gravitational multiplet of strings dominate this early era.
Hence we set T}y, = 0 in (5), and identify T}}yM with [62-64]:

RVM _ b 2 o
Ty =T+ \/g Tox Cuv +A(H) guv (55)
where A(H) is the GW condensate (49). The (total) vacuum stress tensor T}},y M is conserved
on account of (34), during the inflationary phase for which A ~ constant, since H ~
constant, but also when one considers the more general RVM case of a time dependent
H(t), as a result of the Bianchi identity for the covariant derivative of the Einstein tensor.

It is important to stress that in our stringy-RVM approach [63,64] we consider the KR
axion field contribution to (55) as a “vacuum contribution”, in view of the association of
this field with the massless gravitational multiplet of the underlying string theory, which in
the (phenomenologically relevant) case of superstrings is also the ground state of the string.
Thus, we have to set the matter/radiation stress tensor TITV = 0 in (5), or, equivalently,
in the case of ideal FLRW universes we assume here, p;; = p;; = 0 for the respective energy
and pressure densities. This is perfectly consistent with the RVM evolution, as becomes
clear from (9), in the sense that there is no appreciable matter/radiation at the early
stages of the RVM inflation. In our stringy-RVM approach, chiral matter is assumed to
be generated at the end of the inflationary period [62-64], as a result of the decay of the
running vacuum [49,50].
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Some important comments are now in order regarding the above point. In some
scenarios for the origin of GW, discussed previously in Section 4.1, we have seen that a
pre-RVM inflationary phase is invoked, and even a first (hill-top) inflationary phase (see
Figure 1) can exist. As we have discussed, at the end of the first inflation in dynamically-
broken supergravity theories [129,130], for instance, which are embeddable in superstring
theories, one may have a generation of KR axions and gravitino condensates, which
are present with some finite densities after the generation of GW from collapsing DW.
In the absence of GW, the KR axion has a ‘stiff” equation of state w;, = 1, but the massive
gravitino condensate (with mass even close to Planck mass), could be considered as a
non-relativistic matter with equation of state Wgravitino condensate = 0- The issue in such
scenarios is which of these two kinds of fields dominates the pre-RVM inflationary era.
This issue is easily resolved, in the sense that the massive gravitino condensate can easily
decay (including among its decay products the massless KR axions), and thus at the end of
the pre-inflationary era, i.e., during GW condensation, there is dominance of the massless
KR axion (which, as mentioned above, is a field that belongs to the string ground state,
and in this sense is considered as part of the RVM ground state rather than relativistic
matter). Such a stiff-era dominance in the very early universe is reminiscent of the stiff-
matter scenario of Zeldovich [141], but there the stiff matter was ordinary baryonic matter
(cosmology with abstract stiff matter was also considered in [142]), in contrast to our stringy
case, which is associated with pseudoscalar (KR axion) contributions the string vacuum.

During the stiff pre-RVM-inflationary era, then, the axionic-type vacuum energy den-
sity will scale as (the scale factors a(t) below are expressed in units of today’s scale factor):

Pmassless KR axion ™ b1 afgSt/ (56)
where p; determines the value of the density at the exit from the first hill-top inflationary
phase. Upon assuming that the onset of the RVM inflation that succeeds the stiff era, that is,
when GW condensation occurs (36) and H enters a constant de-Sitter value again H ~ H;
(see Figure 2), occurs at cosmic time t >~ fRym infl onset, W€ may match (56) with the RVM
density value (12):

H /\H'll
ill-top
(first)
Inflation.

StiffF-matter
Era

RVM-inflation

Radiation,
Matter Current

De Sitter

Figure 2. Diagram of the Hublle parameter (H) vs. the scale factor a(t) in the stringy RVM in the
scenario with two inflationary epochs, separated by a stiff-KR-axion dominated era. The first (hill-top)
inflation, near the Big Bang (a(t) — 0), occurs in models with dynamical supergravity breaking, as a
result of gravitino condensation [133]. The second inflation is of RVM type and is due to GW-induced
condensation of gravitational anomalies, which characterise the string-inspired gravitational model
at early epochs. In string theory models, due to higher-curvature corrections in the low-energy
target-space effective action, an initial singularity of the universe might be avoided. This is a featured
shared with the RVM cosmology. Figure taken from [63,64].
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PI first ~ BH% (1-v)
a®(fRVM infl onset) K2 «

3H? (1—v)\~1/6
t i ~ [ —*+ 1 7
= a( RVM infl onset) ( 2 07 first & ) <1, (57)
where Hj is the Hubble parameter during the GW-induced RVM second inflation, which
can be measured by CMB data (4) [5]. On account of (11), as well as the fact (cf. (53) and
(54)) that in our stringy RVM, during the inflatiionary phase, we have |v| = |vjug| < 1, the
condition (57) leads to:

H?2 B
01 first <K 3M—§ M ~3x 10710 M}, (58)
Pl

due to (4), which in turn implies subplanckian values for the energy density at the end of
the first hill-top inflation, consistently with the transplanckian conjecture.

4.3. On Potential Primordial Black Hole Effects on GW during RVM Inflation

Before closing this section we would like to make some speculative but important
remarks on the potential effects of the primordial black holes on the primordial GW
spectrum in this framework. The RVM-like inflation induced by the anomaly condensation
could in principle change the density and features of the primordial black holes, which in
turn could cause an effect on GW. We cannot give a definite answer to this question unless
details of the string theory multi-axionic spectrum [68], arising from compactification, are
implemented [64]. Indeed, in such a case, it is possible that some of these extra axions
develop periodic instanton-induced potentials during the RVM inflation (par contrast,
in our scenario, the KR axion b(x) field could only develop a non-perturbative potential
at post inflationary epochs [65], as we shall discuss in the next section). Thus, in this
multiaxion situation, the effective potential, including the interactions of the string axions
a;i =1,... N, with the gravitational Chern-Simons terms during the RVM-like inflation,
can be represented schematically as:

1 ~ 1 ~ 1
V(a;,b) = Vo + A b (Rywpe RMP7Y + ) 3 a;(Ryvpe RP7) + Y A(a;)? cos(f—a,«), (59)
i /4 i a

where we assumed the existence of the (constant) gravitational Chern-Simons condensate
(36) during the RVM-like inflation, and the (approximately) constant (for the entire duration
of RVM inflation) Vo = (b(t) Ruvpe RMYP7Y s the de Sitter-like condensate (cf. (49)), with b(t)
the background KR axion (45) (we assume that the other stringy axions do not lead to such
contributions). Here we denoted the background KR axion as b to distinguish it in (59)
from the quantum KR axion fields b, which are viewed as excitations about the background.
The quantities f, fs, are the corresponding axion couplings (for the value of f; see (26)),
whilst A;(a;) are appropriate field dependent amplitudes.

The structures in (59) are simplified, given that in realistic situations one may have
axion mixing [64]. However, they are sufficient to demonstrate our main point which
concerns the fact that the presence of the periodic axionic structures in (59) might lead (see,
e.g., [143,144]) to parametric resonant phenomena for the perturbations of the axions a;,
which are amplified significantly at small scales. These can induce fluctuations to the KR
axion b field (which does not exhibit oscillatory behaviour), which could be enhanced
dramatically [143], producing large curvature perturbations. This phenomenon could affect
the density of the primordial black holes produced during the stringy-RVM inflation. It is
possible that one can have an abundant production of such primordial black holes, which,
in turn, can affect the primordial GW. In addition, the large fluctuations of the axions a;
could lead [144] to a dominance of the GW produced during the RVM-like inflation over
those produced at the post inflationary radiation era, and the corresponding spectra could
have observable effects in interferometers. At present these are speculations, which we
hope to pursue further in a future work.
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5. Post-Inflationary Era, Kalb-Ramond Axions as Dark Matter and Leptogenesis

At the end of RVM inflation, the decay of the running vacuum generates radiation
and chiral fermionic matter, which itself generates gravitational anomalies. Indeed, chiral
fermions in the string effective action couple to the H,,p-torsion, and by implementing
again in the respective path integral to the Bianchi identity via the Lagrange multiplier KR
axion field b(x), in a similar manner as in the bosonic case, we end up with the following
action [62-64]:

(60)
4 w s 3% 55,
DiracorMajorana+ dx\/jg[<fﬂ+ﬂ anb>1 7161(2]#] S I e
where Sgrfr‘; ¢ or Majorana denote free kinetic terms of (chiral) Dirac or Majorana fermions,

which we do not need to specify explicitly, and the ... indicate gauge field kinetic terms,
as well as terms of higher order in derivatives, of no relevance to us in this work. In this
action, the propagating degrees of freedom are the graviton (and dilaton in general, but here
it is considered as constant), the KR axion b(x) (associated with the #H-torsion), and the
matter fermions (as well as gauge fields that are generated alongside the chiral matter
at the end of the RVM inflation, not exhibited explicitly here). The four-fermion axial-
current-current terms are the standard result of integrating out torsion [79]. The quantity
Fd = gabed epr 9a eé\, with eé\ the vielbeins, vanishes for FLRW backgrounds. In the third
term of the second line of (60), we have performed integration by parts, which lead to the
coupling of the KR axion to the divergence of the axial fermion current:

L= Y $77Yv (61)

j=species

where j is a fermion species index. We note that in these early eras, due to high temperatures,
the fermions are assumed massless (relativistic matter). If there are gravitational and chiral
anomalies in the theories, this divergence will be linked to them in the standard way (see
Appendix A) [95] :

2 Fom, (62)

ov)- 555

5 1
I = ﬁaﬂ(\/jgfw) :au(\/jgm Kr
where F? the (non-Abelian, in general) gauge field strength, with a gauge-group indices.
The quantity N indicates the number of chiral stringy degrees of freedom circulating
in the chiral-fermion loop, whose precise value depends on the underlying microscopic
string model.

In [62-64], we postulated the cancellation of the chiral-fermion-induced gravitational
anomalies in (62) by the primordial gravitational-anomaly terms that exist in (60), due to
the Green-Schwarz mechanism (cf. (17)), so that there is no issue with energy conservation
of ordinary chiral-fermion matter, after the RVM inflation, and thus standard cosmology is
more or less maintained. This is expressed by the fact that the current conservation (63)
must imply:

L L] -3 (B R ).

K

which, on account of (60) implies in order of magnitude [63,64] N ~ 192” ~ 26 (alterna-
tively, to ensure such a cancellation of gravitational anomalies, for arb1trary values of NV,
thus not restricting the underlying string model, one may start from a given string theory,
with V chiral fermionic degrees of freedom, and modify the Green-Schwarz counterterms
in the definition of H,.,, (17), by a factor { = 72N, ). On the right-hand side of (63) the

192 72
remaining terms are chiral anomalies, of either electromagnetic fields Fy, (with agy the
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fine structure “constant” of electromagnetism), or gluon fields GW, a=1,...,8 (with as
the string-interaction fine structure “constant” ), which do not need to be cancelled, since,
as already mentioned, they do not contribute to the stress tensor, and thus they do not
affect the energy conservation of ordinary matter in the epochs after RVM inflation.

5.1. KR Axion Mass Generation and Dark Matter

During the QCD era, the second term on the right-hand side of (63) dominates, and is
responsible [65], through non-perturbative (instanton) effects, for the generation of a KR
axion potential:

V, = A4QCD (1 cos(fh)), fr = % 3 a’ =N \/7 MPl, (64)

where Agcp ~ O(200) MeV is the characteristic QCD energy scale and we took into

account that (63) implies an axion coupling parameter f, = N
mass for the KR axion field:

AQCD MPI
my, ~ N \f Mm Ms)‘ (65)

Recalling the allowed range of M;, (46), we obtain a KR axion mass
my ~ N x107° eV ~ 2.6 x 107* eV, for N ~ 26, which lies within the phenomeno-
logically acceptable range for a QCD-type axion [125]. This massive KR axion could also
play the role of (a component of) DM. In this way, taking into account the association of
the KR axion with torsion within the context of the underlying string theory, we obtain
a geometric origin of DM in this stringy-RVM framework [63,64,123]. In generic models,
as we have explained above, the energy scale Aqcp appearing in the non-perturbative
KR-axion potential (64) could be an arbitrary scale, to be determined phenomenologically.
Such more general situations, where the remaining axions in string theory arising from
compactification also appear and might mix with b, have been conjectured and discussed
briefly in [62-64]. In that case, the mass of the KR axion is arbitrary, and can even take
on very small values, thus implying ultralight axions, which exhibit a rich phenomenol-
ogy [124,125].

5.2. Leptogenesis

Another important physical consequence of the stringy-RVM model is that it leads to
lepton-antilepton asymmetry in the universe (leptogenesis) in models which involve sterile
right-handed neutrinos in their spectra [62-64]. The type of induced leptogenesis is that
studied in [97-101], which is encountered in the case of a decay of right-handed neutrinos
in the presence of approximately constant axial-vector backgrounds, coupled to the axial
fermionic current, which spontaneously violate Lorentz (and CPT) symmetry.

Crucial to this effect is the LV and CPTV solution of the KR axion field (42) and
(45), due to the presence of a GW-induced-anomaly condensate K°. Such an approximate
KR-axion background remains undiluted till the end of inflation, as mentioned previously.
At the exit from inflation in the stringy RVM model, the aforementioned assumption of
cancellation of gravitational anomalies during the post inflationary era would imply an
equation of motion for the KR background (stemming from (60)) of the form:

O_\/l_fga#(\/ig{ayb—zx\ﬁ]wbay(\ﬁa b) ]’y
H(\/iayb) + O(“EM il Fyv/ \/7Ga Gayv)

where the last term on the right-hand-side of the last equality, in the second line, of the
above equation denotes the chiral anomalies appearing in the anomaly equation of the axial

(66)
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fermion current (63). Although the chiral anomalies can be present in the post inflationary
epochs of the universe, nonetheless, as we discussed previously, they are dominant at later
eras, e.g., the QCD epochs, where they are responsible for KR-axion masses, and not during
the early radiation era that succeeds the RVM inflation. This implies that immediately after
the RVM inflation the KR-axion classical equation, obeyed by the axion background, reads:

9, (\/Tg a”b) — 0. (67)

For a FLRW universe, with scalar factor during the radiation era scaling with the
(cosmic) temperature as a(T) ~ T~!, Equation (67) has the solution for the b(t) KR-axion
field during the early radiation era:

bearly radfiation ™ a_B(T) ~T°. (68)

In the context of stringy RVM, one can match the solution (68) at a temperature T with
the value (45) at the exit from the RVM inflation, where the temperature can be taken [62]
to be of order of the Gibbons-Hawking temperature [145] of the (approximately) de Sitter
space time, Ty = Hj/(27). Then, one obtains:

. 3
bearly radfiation = 3.5 % 1011 MIZ’I (Mi) ’ (69)
Pl
which can be used for the lepton-asymmetry computations.

During the short-period of leptogenesis, compared to the universe’s evolution, and for
the sufficiently high temperatures where the lepton-asymmetry generation takes place
(e.g., freezeout temperatures T = Tp >~ my > 10° TeV in the model of [97-101] (cf. (75),
below), with m the mass scale of the decaying sterile neutrino, which constitutes a typical
temperature range for such models), one may view the background (69) as approximately
constant. In such a case, the sterile neutrino part of the action (60) reads (in the case of
a single species of a Majorana sterile massive neutrino, N, which suffices to generate
leptogenesis, and fits our purposes here):

L= Lsy+iNy"o,N— %(WN +NN°) — B, Ny"°N -} yfffédN +h.c.  (70)
f

where h.c. denotes hermitian conjugate, Lgp denotes the Standard Model (SM) Lagrangian,
$ is the SU(2)-“dual” of the Higgs field ¢ ((f)fl = €jdj 0, j = 1,2, SU(2) indices), and L 5
is a lepton (doublet) field of the SM sector, with f a generation index, f = ¢,, 7, in a
standard notation for the three SM generations; y/; is a Yukawa coupling, which is non-zero
and provides a non-trivial (“Higgs portal”) interaction between the RHN and the SM
sector, used in the seesaw mechanisms [146—150] for generation of SM neutrino masses.
The quantity By, is an axial background, given by:

By = My bd0, (71)

on account of (60). The background is assumed to be approximately constant due to our
previous discussion. Under this assumption, the Lagrangian (70) acquires the form of a
Standard Model Extension (SME) Lagrangian [151,152], with the background axial vector
violating (spontaneously) Lorentz and CPT symmetries.

In the context of the Lagrangian (70), with (69) and (71), one can calculate the decay
rates of the Majorana massive neutrino into standard model massless leptons and Higgs
particles, including charged Higgs excitations, given that we consider temperatures much
higher than the electroweak phase transition [97-101]. The lepton asymmetry AL is gener-
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ated due to the different decay rates between such decays, and those where the products
are the corresponding antiparticles:

Channel I : N — ¢~ht, vi®,

72
ChannelI1: N — ¢Th=, vh°, 72

where /% denote charged leptons, h* denote charged Higgs excitations, h° is the neutral
Higgs (or Higgs particle of the SM after electroweak symmetry breaking), and v (V) are the
light neutrinos (antineutrinos) of the SM. For small |M12311§| < 1, which characterises our
stringy RVM, the lepton asymmetry is calculated, to leading order in b, to be [99]:

ALTOT(T = Tp) Bo(Tp) m3,
s T3

2
~ 3.5 x 101 (%) , q>0, (73)
P1

where s is the entropy density of the universe, T is the freezeout temperature, assumed to
be of order of the sterile neutrino mass, Tp ~ my, in the model of [97], which we adopt
here, and g is a numerical factor of order O(10), which is due to theoretical uncertainties in
the semi-analytical method (Padé approximants) used in the calculation of AL [99].

This lepton asymmetry can be communicated to the baryon sector via sphaleron
processes in the SM sector of the model [153-155], which violate Baryon (B) and lepton (L)
numbers, B + L, but conserve their difference B-L. In this way, requiring that the lepton
asymmetry (73) reproduces the observed baryon asymmetry in the universe [5]:

Vlb—ﬂg

~ (84—89)x 101, 74
ny + 1’15 ( ) ( )

for temperatures T > 1 GeV (with My (B) the density of baryons (antibaryons) in the uni-
verse), we obtain:

Tp ~ my ~ 107 GeV. (75)

This magnitude of my is compatible [62] with the seesaw mechanisms [146-150] and
Higgs-mass stability [156,157]. Once again, given that this leptogenesis is exclusively due to
the LV and CPTV KR-axion background (45), which is linked to the antisymmetric-tensor-
field torsion in the underlying string theory, one obtains a geometric interpretation of the
matter-antimatter asymmetry in the cosmos, should this scenario be realised in nature [123].

6. Modern Era: RVM-Like Deviations from ACDM and Alleviation of Cosmological
Data Tensions

The modern era of the stringy-RVM is less understood from a formal point of view. We
still do not understand what plays the role of the current-era cosmological constant, as the
data indicate [5]. As discussed in [62], in the modern epoch, the chiral electromagnetic
U(1) anomalies that are generated after the exit from the RVM inflation, during the late
radiation era, may survive until today, in the sense that the terms wa-"v MV in (63) are non
zero. Such cosmic electromagnetic field terms, leading to a KR-axion electrodynamics may
contribute to the vacuum energy density terms of the form voH3, where Hy(t), the Hubble
parameter in the current era, where the coefficient vy > 0, as in the conventional RVM.
However, there might be other contributions to the vacuum energy density, which we are
not aware of at present. Terms of Hj are in any case not dominant in the current epoch, so
such terms do not constitute the focus of our attention. As already mentioned, we also still
do not understand the microscopic origin of a current-era cosmological constant , if any.
In the context of string theory/brane theory there might be several scenarios which could
lead to a de Sitter-like (positive) cosmological constant in the current four-dimensional
universe, see [158,159], but we will not discuss them in this article.
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6.1. Highlights of the RVM Phenomenology in the Current Era

What we shall discuss, though, is how the RVM framework in the modern era can
contribute to observable, in principle, deviations from the ACDM [51,52,56,57,59], and most
importantly alleviation of the current cosmological-data tensions Hy and og [53-55]. In fact,
as we shall discuss now, a slightly modified version of the conventional RVM, has the
capacity of alleviating simultaneously the Hy and oy tensions [58].

Let us first remind the reader that in the modern era, the dominant terms in the RVM
energy density of the cosmological vacuum are up and including the H? terms of (3):

3
PORVM =~ (Co + V0H3>, co, vo >0, (76)

K2
where, in a standard notation in cosmology, a subscript “0” indicates present-day quantities.
First we remark that fitting (76) to the plethora of the cosmological data [5] leads to the
conclusion that (cf. also (15)) [51,52]:

vy =0(10"2) >0, 3x’co=0(10"2)>0. (77)

As already discussed in Section 2, the presence of the H} term in (76) leads to observ-
able in principle deviations from ACDM, in the sense that there is a different scaling (14) of
the Hubble parameter today compared to the prediction of the ACDM paradigm.

However there is an even more important role of the RVM, which allows, as already
mentioned, for a simultaneous alleviation of the Hy and oy tension [58]. To this end, one
needs to consider a variant of RVM, called type-II RVM, which allows for a cosmic-time
dependence of the gravitational constant:

K2 — Kz(t) =2 go_l(t) , (78)

where ¢(t) is a phenomenological function of the cosmic FLRW time ¢. This implies the
modification:

3
PORVM type—T1 = 5 @(t) (Co + VOHS), co, vo >0, (79)

which should be compared against the plethora of the available cosmological data [5,58]. It
should be stressed that the function ¢(t) is not the Brans-Dicke (BD) field, and the type-II
RVM is defined only through the above modification (79), without ascribing a dynamical
rolefor the function ¢(t). In fact a comparison on the phenomenology of both the BD
cosmology and the type-II RVM, insofar as the alleviations of both Hy, g has been made
in [58], with the conclusion that the type-Il RVM variant is superior in the simultaneous
alleviation of both tensions, provided one chooses a function ¢(t) with a mild (logarithmic)
dependence on the cosmic time.

6.2. Modified Stringy RVM due to Quantum-Gravity Corrections?

It is interesting to see whether such modifications are allowed within our stringy-RVM
framework. This question is still pending a rigorous proof, but below we can make some
remarks on existing theoretical evidence [63,123,160] towards it. The evidence is provided
in the work of [129,130] on dynamically-broken N = 1 supergravity [161] at one-loop in a
de Sitter background, i.e., in a space-time with cosmological constant A > 0. The formalism
for the one-loop quantisation of the theory, which is an example of a weak (perturbative)
QG treatment, follows the pioneering work of [162]. This example, as we have discussed
in Section 4, is quite relevant for our stringy-RVM scenario, first because such models can
be embedded in superstring theory, but more specifically because it may characterise the
early stages of our string-inspired cosmology, providing a natural origin of GW.



Universe 2021, 7, 480

27 of 43

We should stress [160] at this point, for completion, that the background space-time
used in [129,130,162] is a local de Sitter space time, with metric described by the following
invariant element:

-1
ds? — (1 _ 2% _ /3\?2>0sz2 _ (1 - zg - /3‘?2> 47 — P(d? + sinZd(2)  (80)
in de Sitter-Schwarzschild coordinates. In the case M = 0, as required by the isotropy and

homogeneity of space, which is the one used as a background for the N = 1 supergravity
example, there exists a coordinate transformation [163]:

' ={cT,7,0,§} — ' ={ct,r,0,§} (comoving frame) :
_ 1 22 _ F SHT _ 5 ,~Ht g2 _ O (81)
th—l—ﬁan—Hr), V—We =re , H:§>0,
where t and r denote co-moving-frame time and radial space coordinates, respectively,
which maps the metric (80) to a standard cosmological de Sitter space-time:

ds? = ¢ dt* —a(t)?[dr? +r2dQ0?], dQ? = df* +sin0dg?, (82)

where a(t) = e\/gt = ! (H = constant), is the exponentially expanding scale factor of the
de-Sitter/FLRW (inflationary) universe. The above result is valid for every non-negative
value of the cosmological constant A > 0. The effective action is invariant under the
general coordinate transformation (81), and this makes the connection of the approach
of [129,130,162] to our cosmological model.

The one-loop effective action of dynamically-broken N = 1 supergravity in a Eu-
clidean (E) path-integral formalism, in a local de Sitter background, with one-loop-
renormalised (positive) cosmological constant A > 0, is given by [129,130,162]:

2

e ~ g, — 24/\—7;(&5 +ab+ (0611: +oc’13)A+ (zxg —i—txg)Az +...), (83)
in a specific gauge (we do not discuss here issues of gauge invariance. This is a complicated
issue, and since the present case constitutes a weak QG effective action, we refer the
reader to gauge invariant formulations of QG, like, for instance, the Batalin—Vilkovisky
formalism [164]), where the superscripts B(F) refer to terms arising from integration of
massless (quantum) gravitons (Bosonic (B) degrees of freedom (d.o.f.)) (and gravitinos
(Fermionic (F) d.o.f.). The quantity o, < f, [130] denotes the value of the gravitino
condensate field at the minimum of its one-loop effective potential (see Figure 1) and
S denotes the classical supergravity action with tree-level (bare) cosmological constant
Ao <0

Ao
F =0 f (84)

where f is the energy scale of dynamical breaking of supergravity (and also global super-
symmetry). We stress that the bare cosmological constant A is necessarily negative, given
that (unbroken) supergravity (local supersymmetry), which characterises the action S, is
incompatible with de Sitter vacua [129,130,161]. The one-loop renormalised cosmological
constant A, one the other hand, is positive, due to quantum corrections (see discussion
below, Equation (89)), and this is compatible with the case of dynamically-broken super-
gravity [165].
On taking into account that the Euclidean de Sitter volume is [162]:

242/ A2 = / SNy (85)
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we observe that the effective action (83) can be written in a covariant form (with the notation
that hatted quantities denote those evaluated in the de-Sitter background space-time):

T(E) ~ ;?/d%\/gf;{(ﬁ—z/\l) o R+, R, (86)

where we used the fact that the curvature scalar in the (Euclidean) four-dimensional de
Sitter space time is given by:

R=4A, (87)

or
R =12H%, H = constant (88)
in the cosmological de Sitter case, with a constant Hubble parameter H, which is of interest

to us here.
The remaining quantities in (86) are given by [130]:

A
A = —«? (—K,f+a5+zx€>, (89)

which expresses one-loop corrections to the bare cosmological constant, with:

2 2
af = x* ot (0100 ln( o ) +0.126) ,
Hx
(90)
2 3 2(£2 _ 2
af =« (2~ 0?) 0027~ 0.0181n LZUC) ,
2uz
and
K/ F B K F ., g
061—7(1)(14'0(1), Dﬁzzg(az‘l'ﬂéz), (91)
where: ) 5
A

af = 0.067 k202 — 0.021 %20 ln<2> + 0.073 %02 ln( £ - ) ,

Hz Hx

F K202 A
af = 0.029+0.0141n( 2C> —0.0291r1<2> ,

B A 3A¢
af = —0.083A¢+0.018 AgIn( —— | +0.049 AgIn( —= ),

Buz Hx
b = 0020+ 0.0211n 2 ) —0.0141n( =820 .

3uz 2

The replacement of A in all the above expressions by the scalar curvature, Equation (87),
is understood. The quantity 2 (with dimensions of mass-squared) is a UV ultraviolet
cutoff on the proper-time 7, which regularises UV divergences [129,130,162], that is, small
12 values correspond to the UV regime of the theory, whilst large 2 values correspond to
the Infrared (IR). In the work of [129], supergravity breaks dynamically at a large scale y2
close to Planck scale [129], which allows us to set from now on:

ur ~ Mp =2, (93)

In the dynamically-broken-supergravity phase, the gravitino and its condensate acquire
large masses, which can be well above the grand-unification scale, even close to the Planck
scale for our purposes [63,65,160,166], since we want supergravity to be broken well before
the RVM inflation (see Figure 2). This can be arrange for appropriate values of the scale f.
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The conjectural (at this stage) interpretation that the InA terms in the effective action
of the dynamically-broken supergravity theory, are not simple coefficients of curvature
terms, dependent on the renormalised A, but can themselves be viewed as covariant
curvature scalars not only in de Sitter background (87), but also away from de Sitter values,
and therefore can be considered as non-polynomial contributions to the effective action (86),
implies that the quantum supergravity effective action now has terms R” In(«?R), n = 1,2,
on account of (93) (the reader should notice that our modified gravity has a Minkowski
flat limit, as the curvature scalar R — 0, and in this respect it has to be contrasted with the
purely InR gravity suggested in [167], whose terms grow with small curvatures. In this
respect, our proposal, as well as that of [129,166] shares features with the modified gravity
with R? terms of [72]. In this latter reference, antisymmetric tensor fields are also considered.
In our (3+1)-dimensional setting, in our case these would correspond to our KR axions,
which are present in the modern eras, as discussed above).

Moreover, in the broken supergravity phase, the gravitino and its condensate, being
superheavy excitations in our stringy-RVM case [63,65,160,166], examined here, are inte-
grated out in the path-integral, given that they will lead to terms in the effective action
suppressed by the Planck scale, leaving only terms of the massless degrees of freedom,
which eventually will constitute the effective action (26). We observe from (91) and (92)
that such logarithmic R"In(x? R) is also the result of integrating out massless graviton
fluctuations. Thus, apart from the relevance of the N = 1 supergravity example to the early
stages of our stringy-RVM universe (see Figure 2), as described above in Section 4, we may
also encounter such modified relativity (bosonic) effective actions in the modern era. That
is, based on the supergravity example, we may conjecture [63,123,160] that the result of
integrating out massless graviton fluctuations in the effective action, which describes the
gravitational dynamics of the post-inflationary stringy RVM universe, until the current era,
leads to weak QG corrections, which are given by adding to the standard Einstein—Hilbert
Lagrangian term one-loop corrections of the form (we analytically continue back to a
Minkowski-signature space-time from now on):

5£}1;;?\?.pgrav. = —\/—7? {% + ﬁ(cl +c ln(l—lzxzﬁ))} +... (94)

where & plays the role of a one-loop-induced cosmological constant. From the supergravity
example [129,130] we have seen that @y > 0, and that the constant coefficients c; assume
either the form ¢; o k2, or c; < k2E In(x*|&y|), i = 1,2, (cf. (92)) with & a bare (constant)
vacuum energy density scale. The ellipses . .. in (94) denote terms of quadratic and higher
order in R = 12H2 (cf. (88)), which are subdominant in the current epoch (H = Hy)),
when the universe enters again a de Sitter phase. The structures (94) appear generic for
weak QG corrections about de Sitter backgrounds [162], as appropriate for the current
era of the universe. We may therefore conjecture that the corections (94) can lead to a
modified version of the stringy RVM discussed so far, thus playing a role in the current-era
phenomenology (the presence of H*In(x?H?) QG-induced terms in the early universe (cf.
R2In(x2R) terms in (86)), which are dominant during RVM inflation, are not affecting our
considerations in this work. Indeed, such terms are subdominant compared to the GW-
induced H* terms in the condensate (53), for «* |€0| < 1, as required by the transplanckian
conjecture, which the bare scale &) is assumed to satisfy. Thus our conclusions on RVM
inflation remain unaffected).

Indeed, considering the graviton equations stemming from the one-loop corrected
effective Lagrangian, we easily observe [123,160] that the correction terms (94) imply
corrections to the effective stress-energy tensor in the current era of the form [123,160],

1.
5py™ = 580 +3(c1 — c2) H§ + 3¢, Hy In(«Hg) + ..., (95)

where the ... denote subleading terms proportional to (Hy)?, Hy, which are negligible in
the current epoch, during which the universe enters once again a de Sitter phase.
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The total stress energy tensor is obtained by adding (95) to (76), assuming the ex-
istence of a bare cosmological constant. It is important to notice that the supergravity
prototype [129,130,166] indicates that the one-loop correction (dark-energy-type) term 1&g
is constant, independent of InH? terms. This will lead to some crucial differences from the
standard type Il RVM (79), used in [58] for the simultaneous alleviation of the Hy and oy
tensions, which is characterised only by a mild cosmic-time t dependence of an effective
gravitational constant, and as such it necessarily contains a time-dependent dark energy
term. The phenomenology of the QG-modified stringy RVM, as far as the current-epoch
tensions in the cosmological data are concerned, will be examined elsewhere.

6.3. Brief Comparison of the Stringy-RVM with other Theories in Contorted Geometries

We conclude this section, with a brief comparison of the main cosmological applica-
tions of the stringy RVM, described above, with those of some other cosmological models
in contorted geometries that exist in contemporary literature.

We commence our discussion with the f(R) cosmology theories with torsion [83],
with R as the generalised curvature scalar that includes the torsion. In that work, the torsion
is considered as purely geometric, without being associated with a spin fluid. In fact, it is

demonstrated that only for the case f(R) = ﬁz, the torsion has a non-trivial effect on the
vacuum, leading to an accelerated expansion. It is the trace of an appropriately modified
torsion that plays a crucial role in inducing an inflationary phase for the universe, in the
sense of the pertinent cosmological equations in the model leading to a scale factor that
depend exponentially on that trace. Specifically, in the notation of [83], if S HVA denotes the

torsion, then the modified torsion used in that work is defined as Tw/\ = SW)L + (5”A Sy —
6, Su. The temporal component Ty of its trace T, = Tw" = =25, p=0,...3,is linked

to an exponential expansion of the universe, with scale factor a(t) = a9 exp ( - % t) or

a(t) = ag exp ( — % t+ Ag exp(% t)) depending on which case of the solution is satisfied,
with ag, Ag arbitrary constants (expansion of the universe occurs in both cases for Ty < 0).

Par contrast, in our stringy-RVM scenario, it is the GW-induced condensate of grav-
itational anomalies that leads to a de Sitter era, of a RVM type, in a gravity theory with
Einstein—-Hilbert terms R in the Lagrangian. Moreover, the torsion in our case is totally
antisymmetric, hence its trace vanishes, but such a torsion is associated with a pseudoscalar
field, the KR axion, which couples to the anomaly terms, and in this sense, the role of the
torsion in inducing inflation is crucial. This last feature is therefore shared by the model
of [83], where it is the torsion that is equivalent to a scalar degree of freedom that leads
to inflation. However, as we have discussed above, the stringy-RVM has an additional
feature that distinguishes it from the framework of [83], that of the potential role of the
KR axion (torsion) as DM component, under some conditions of mass generation due to
QCD instantons in the presence of chiral anomalies of the colour gauge group SU(3). in the
post-inflationary era.

The cosmology with spin of [82] associates torsion with a fluid with spin (chiral
fermions), in contrast to the case of [83]. In contrast also to our case, the cosmology
of [82], makes use of the Einstein—Cartan—-Holst action, i.e., including the term (23), whilst
our cosmology made use of generalised topological invariants (28), which are linear com-
binations of the Nieh—Yan invariant and the anomaly terms, due to the Green-Schwarz
mechanism. An important feature of the approach of [82] is the exploitation of the four-
fermion interactions which arise as a generic feature of theories with torsion, upon solving
the pertinent equations of motion, thus expressing torsion classically in terms of the chiral
fermions. In this way, theories with such non-vanishing fermionic torsion are equivalent
to adding these fermion self-interactions to a torsion-free gravity. By choosing appropri-
ately the chiral-spinorial matter in the model, these fermion self-interactions can come up
with arbitrary coefficients, of arbitrary sign, that is, the self interaction can be attractive
or repulsive. The benefit is that several cosmological models can emerge with different
characteristics, among which cosmologies with a bounce, in which an initial singularity
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is absent. In contrast, in our approach, the coefficient and signature of the four-fermion
interactions (60) are fixed, the former depending on a combination of the string and Planck
scales, and the latter being such that the four-fermion interactions are necessarily repulsive.
We note in passing that the existence of attractive four fermion interactions may lead to
torsion fermion condensates, which can contribute to the dark energy sector, but also
break dynamically CPT symmetry [84,85], thus providing a source for matter-antimatter
asymmetry in the universe, although such issues have not been discussed in [82].

In this latter respect, in our stringy-RVM model, as we have seen, matter-antimatter
asymmetry can also be linked to a CPTV and LV torsion condensate, in the sense of lepto-
genesis taking place in such backgrounds, which however in our case is due exclusively
to gravitational anomalies, due to a primordial-GW condensation. The absence of ini-
tial singularity in our string-inspired model is also associated, at the level the pertinent
low-energy effective gravitational action, with the contributions of (an infinity of) higher
curvature terms, hence early universe physics is different. Moreover, the totally antisym-
metric torsion that characterises the string model, is equivalent at a quantum level to a
fully fledged axion field, which arises as a Lagrange multiplier implementing the Bianchi
identity constraint (20). This last feature has not been discussed in the context of the
model of [82], however, we believe that by requiring torsion conservation to all orders in
perturbation theory in such models, one should be able to see the association of an axion
with the totally antisymmetric part of the fermionic torsion of the model of [82] (which has
more than a totally antisymmetric component). This happens in the model of QED with
torsion [67], which we discuss in Appendix A.

Finally, we close the discussion of this review by mentioning that there is another
approach to torsion, that of teleparallel gravity (and cosmology) [86-90], in which torsion
mimics the roleof the gravitational field. Several aspects of the ordinary gravity are shared
in this teleparallel approach; for instance one can get cosmological inflation, of rather
long duration in f(T) teleparallel theories, with T the so-called torsion scalar, or late-time
acceleration in the universe, whilst signals that mimic the standard gravitational waves
characterise such theories. Moreover, the appearance of non-singular bounce cosmologies
is another feature of these models. As also mentioned in the introduction of the review,
models including the so-called non-metricity scalar Q (defined as an appropriate contracted
combination of the non-metricity tensor Quuy = D, Suv, with D, the gravitational covariant
derivative with torsion, which, in contrast to the torsion and the Riemann curvature tensors,
depends on both the metric and the connection), e.g., f(Q) gravities [93,94], are currently
being investigated in the literature, insofar as their cosmological and black hole physics
aspects are concerned.

Our stringy model is different in many respects from such theories, given that gravity
is necessarily included in the spectrum of strings, corresponding to the spin-2 massless
excitation of the bosonic string gravitational multiplet, whilst torsion is associated with
the spin-1 antisymmetric tensor field, as we have discussed, and in this sense is associated
with an extra field added to the usual curvature-based formulation of gravity. Par contrast,
in teleparallel theories of gravity, torsion is inherently linked to the massless spin-2 degrees
of freedom of the theory (graviton), and replaces the curvature formulation. Moreover,
in our approach, gravitational anomalies play a crucial role in inducing inflation. It would
be interesting to investigate further the role of gravitational anomalies in teleparallel
theories of gravity, for instance, along the lines of [91,92]. There is an interesting question
to be answered in this respect, namely whether teleparallel theories of gravity can give rise
to RVM cosmologies, like in the case of our stringy-RVM reviewed above. This remains
open at present.
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Appendix A. Torsion Formalism in an Instructive Example: Quantum Electrodynamics
in a Contorted Geometry

Before formulating the Quantum Electrodynamics (QED) in the presence of torsion,
we shall first review basic elements of the torsion formalism. Let us consider a (3 + 1)-
dimensional contorted space time in the sense of Einstein—Cartan. In differential-form
language [168], which we shall use below for notational convenience, the torsion two-
form is defined as (A differential p-form in (3 + 1)-dimensional spacetime is defined as
AlP) = A#1-~~#p dxtt A~ Adxtr, where pp = 0,...3 are world indices, and A denotes
exterior (antisymmetric) product. Thus, the tensor Am“.},p =n! A[m_.},p], which defines
the components of the p-form, is totally antisymmetric in its lower indices ([. .. ] denotes
antisymmetrisation in the respective indices, with normalization %)):

T? = de” + @', A e?=De” £0, (A1)

where d = ), dx" is the exterior derivative one-form, e’ = ¢, (x) dx" is the vielbein
one-form, and @", is the generalised spin connection with torsion, which in the presence of
a non-zero torsion (A1) is independent from the vielbeins (Palatini formalism of general
relativity). Above, Greek indices refer to the spacetime manifold, with metric g, (x)
(of signature (4, —, —, —) in our conventions), and Latin indices refer to the tangent-space
at a point x of spacetime, with flat Minkowski metric 17“b = (1,-1,-1,—1). We have
by definition:

Suv = Nab e“y ebv, g = 77””’ EY, E"), wv=0,...3,a4b=0,..3 (A2)

with EF, the inverse vielbeins, E; e p =0, and Eje’, =4,".
The symbol:

DY, = 6%d + @A (A3)
denotes the gravitational covariant derivative operator in the presence of torsion. The gen-

eralised spin-connection (with torsion) can be split into the standard Riemannian part wZ b

a

without torsion, and the contorsion KZ , = K¢

b 634, with Kah = _Kbu:
Wy p = Wy, + Ky y. (A4)
Hence, we may write:

D}, = D% + KA (A5)

where DY = 69 d + w’ A is the torsion-free gravitational covariant derivative, defined in
terms of the the Riemannian connection, which satisfies the metricity postulate:

De" = de” +w? Nl = 0. (A6)
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It is this relation in Riemannian spaces that eventually allows the torsion-free Christofell
symbol (l"vp = gv) to be expressed in terms of derivatives of the metric and the metric itself.
From (A1) and (A4), we easily obtain in differential form notation:

1
T' = Kye' = T4 = —2K{,) = K% — K% Kue = (Teab = Tae = Tewa), (A7)

with the symbol [...] denoting antisymmetrisation of the respective indices, as
defined above.

The torsion two-form (A1) in coordinate basis is related to the torsion tensor T/\w via
Th, =€} T

v, Where:

=A =A
T =T =T #0, (A8)

=A . . . . s e ST .
and T’ uv 18 the generalised spin connection, not symmetric in its lower indices in the
presence of torsion, which appears in the generalised Riemann curvature tensor (for our
conventions on the metric see (19) in the main text):
A

Ry = By e’y Ry = 0y r +F0FFPV—(;4<—>1/), Au,v,0=0,...3, (A9)

with the (generalised) curvature two form given by:

1
Rb—dwarw Awb—becde e

14
5 =R bwdx” NdxY, @ = w‘; pdxt.  (A10)

T2
This can be expressed in terms of the Riemannian curvature R and contorsion K%
two forms as:

R’ =R% + DK% + K. AKS,, (A11)

with RY = dw’, + &' A w€, the Riemannian curvature two form is without torsion.
We observe from (Al1), that the effective action based on the generalised scalar
curvature has the form (in differential form language),

Sc = /d4xRab Ax(e? A el =52 /d4 Ry + Koe AKG) Ax(e A e?), (A12)

2x2
where the x denotes the Hodge dual [168], defined through its action on a p form in
(3+1)-dimensional spacetime as:

1 ay...ap

mé’ C1Cap eTA-- A ec‘**” , (A13)

*(e™...e%) =

with " CloCa_p the Levi-Civita fully antisymmetric symbol in the (Minkowski-flat) tan-
gent space. In (A12), we took into account that the covariant derivative middle term on
the right-hand side of (A11) contributes a vanishing boundary term, which vanishes on
account of our assumption that fields and their derivatives vanish at the boundary of the
space-time manifold. Thus we arrive at the generic result that the contorted gravitational
action (A12) is quadratic in the contorsion, and does not contain derivatives of the contor-
sion tensor. This is a generic result in Einstein—-Cartan contorted geometries, which allows
the contorsion to be integrated out exactly in the respective path integral.

Let us explore the consequences of this by considering now the Quantum Electro-
dynamics (QED) of a charged Dirac fermion field, ¥(x), for concreteness, in a spacetime



Universe 2021, 7, 480

34 0f 43

with torsion. The pertinent action involving the spinors reads (we follow the conventions
of [67]):

SSJEr%On = SMaxwell + Sljjorsion ’
1
Sviwwen = =7 [ 4% V=g Fu(A) P (A), FulA) = A =0Au (A1)
' — i = i,—= — _
syion — [ dix /=g (§ 57Dy~ 5 (D) 7"y~ mpp)

where 5# = D, —ieAy(x), with e the electric charge (taken here to be that of the electron),
is the gauge/gravitational convariant derivative in a space-time with torsion, AH (x) is the
photon field, and, following [67], we defined the Maxwell tensor, F,,, without torsion (so
that the Christoffel connection parts of the Riemannian gravitational covariant derivative
acting on A cancel in the definition of the Maxwell tensor due to symmetry reasons).
The gravitational covariant derivatives D), acting on spinors are defined as:

_ i i
Dy =dyp— s @0y, oP=]1" ], (A15)

and v? are the Dirac 7y matrices in the (flat Minkowski) tangent space (where the indices
are raised and lowered with the Minkowski metric 7%). A similar expression charac-
terises the Riemannian-spacetime covariant derivative, D;, but with the replacement of the
generalised spin connection one-form w,; by the Riemannian one without torsion, w,y,

Dy = dyp — %wab oty (Al6)
On making use of the property of the product of three 4 matrices in tangent space:

b ieabcd 5

VA = ="y Y 4

and taking into account (A4), we may write the spinor action Sy in (A14) in the form:

| » . B B .
son — [dhx /=g (§ 57Dy~ 5 DBV ¢ = mFy+e Au(x) F* ¢ = 3 € F q 9K ). (A7)

We see from (A17) and (A7), then, that it is only the fully antisymmetric part of the
(con)torsion,

T[abc] = *ZK[ubc]/ (A18)

that couples to fermionic matter, and, in fact, to the axial fermion current (61) in the
contorted QED action. If we define the torsion three form:

1
T = Tace’ A e’ nef, (A19)
and its dual one form:
1
S =T, with components S; = 3 ebe a Tabe s (A20)

then we may write the contorsion term of (A17) (last on the right-hand side) as [67]

Sy > —Z /d4xw/—g5y¢fy”'y5lp: —Z /S/\*]5 (A21)

with the axial current one form J° = | 2 dx#, with components given by (61) (for a single
fermion species 1, in this case).
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We may decompose the contorsion into its totally antisymmetric part and the rest,
denoted by K [67],

1 ~
Kabc = Eeubcd Sd + Kubcd ’ (A22)

which, on account of (A18), (A20), implies that the gravitational action with torsion (A12)
can be written as:

I Y — 3

with & = R, R, — R, R .

When we combine the QED action (A14) with the gravitational one (A23), we observe
that the torsion components are non-propagating fields, as no derivatives of them appear,
and hence they can be integrated exactly in the path integral. The path-integration of the S
form, dual to the totally antisymmetric part of the torsion, which is the only one coupled
to matter, yields four fermion repulsive integrations [67], which are characteristic of the
Einstein—Cartan theory:

2
-2 [y, (A24)

However, the QED with torsion is still not complete because the axial current ]5
is anomalous, that is, it is not conserved at one loop, although classically it is conserved,
as follows from the Euler-lagrange equations of motion stemming from the combined
actions (A23), (A17) (taking into account (A21)).

The S equations of motion imply:

széﬂf. (A25)

On the other hand, the fermion equations of motion:

) 3
iYM'Dup—myp = ZS” 0 75 P, (A26)

withD = D, —ie Ag(x) the gauge/gravitational covariant derivative, in the absence of
torsion, imply that J° is covariantly conserved classically in the massless limit:

D, -0 for m—0, (A27)
implying, due to (A25):
dxS=0 for m=0, (A28)

which in components leads to (note that, in view of (A20), the ordinary exterior derivative
d can be replaced by the Riemannian gravitational covariant derivative D, without torsion,
for symmetry reasons):

D, S*=o0. (A29)
In the presence of a finite fermion mass, on the other hand, one has classically:
D Pt —2impy’ ¢ = 0. (A30)

In what follows we shall concentrate on the case of massless charged chiral fermions,
since in this work we are interested in the physics of the early universe, where the chiral
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za/Dbexp(—i/[%dbA*der

:/Dbexp(fi/[ db Awdb— b G(w, A)+—]5/\*]5D fi= (4

fermions are produced relativistically after inflation (due to high temepratures), and hence
are considered as massless (see discussion around Equation (60), in Section 5).

In the quantum theory, the conservation law (A27) breaks down due to chiral anoma-
lies, both in the gauge and gravitational sectors (see also (62) in the main text,
Section 5) [67,95]:

1

2
54 _ € =
Dyt = SFFW b = Jo5 2

RMR R,wpa =G(w, A), (A31)

where the (...) denotes dual tensors, defined as fyv = % —8 €uvpo FP7,
ﬁwpg = %\/Tgewaﬁ R'Xl3 oo where €00 = /—& €upo is the gravitationally covariant
Levi-Civita tensor density, with €, as the Minkowski flat Levi-Civita symbol. The result
(A31) is the one-loop chiral anomaly (for one chiral fermion species), but this is an exact
result in field theory [95].

At this point, we note that it can be shown [169,170] (see also [101]) that any torsion
dependence on the generalised curvature in the gravitational part of the chiral anomaly
(A31) can be removed by adding appropriate renormalization-group counterterms of
Green—Schwarz type. This implies that the right-hand-side of (A31) depends actually only
on the Riemannian part of the connection, and hence the Riemannian curvature tensors,

(via addition O:f> counterterms)

G(w, A) G(w,A). (A32)

We next remark that the presence of the one-loop chiral anomaly (A31) implies that as
we go to higher loops in our massless QED in contorted geometries, the dual of the totally
antisymmetric component of the torsion will no longer be conserved, so the right-hand side
of (A28) (or, equivalently (A29)) is no longer zero, but is proportional to the chiral anomaly
G(w, A) (A31). To avoid this inconsistency, we may add apporpriate counterterms, order by
order in perturbation theory, to remove such anomalous contributions, so as to ensure (A28)
at each order. This would imply conservation of the torsion charge in the quantum theory:

Qtorsion = /*S- (A33)

In a path-integral formalism, then, the above procedure implies that we may add
the delta-functional constraint 6 (d * S) in the respective path integral, and express the

J-functional via a Lagrange multiplier pseudoscalar (axion-like) field ¢(x) (we use form
language for notational brevity) [67]:

Zo [Dso(dxs) exp (i [ (2 SAxs— s A7)

3 3 (A34)

— /DSD(p exp (z/ [msms— 28 A +pdxs|),
where D(...) denotes the path-integral measure, and we suppressed the other path inte-
grations over the metric and the other torsion components, as they are not relevant for our
arguments in this Appendix. We observe from (A34) that the (non-propagating) torsion S
can be integrated exactly, leading, after appropriate integrations by parts, to:

;db A5+ 2%15 A *]5D
3K2)_ 1 (A35)

fo 2f2
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term of the exponent of the right-hand side of (A35), we performed integration by parts,
and made use of the anomaly Equation (A31) and the fact (A32).

Thus, we see that the presence of torsion in the quantum theory of contorted QED is
equivalent to the introduction of a fully dynamical (propagating) massless pseudoscalar
(axion-like) field b(x), without potential. The reader should notice the natural appearance
of the (standard) interaction of the axion field with the chiral anomalies, but with a specific
axion coupling f;, depending on the gravitational constant (as we have discussed in the
main text, Section 3, a similar situation characterises the (totally antisymmetric) H-torsion
string theory, where the corresponding Lagrange multiplier field, implementing the Bianchi
identity (20) in the corresponding path integral (25), is the KR string-model-independent
axion [25,26,68], also denoted there by b(x). In the string case the action coupling depends
on appopriate combinations of the gravitational constant x and the string Reggie slope «’
(25) and (60)). This is the correct treatment of a quantum torsion in this case, which as we
see from (A35) also leads to the characteristic repulsive axial-current-current four-fermion
inetractions (see also (A24)) of an Einstein—Cartan theory). We stress once more that,
as becomes evident from the above analysis, the coefficient and sign of these four-fermi
terms are fixed for a given theory.

It is important at this stage to compare briefly the above results with other analyses
of torsional models, like the ones of [117,118,121,122], with which the above analysis is in
broad agreement, as we shall explain below. We have made a similar comparison for the
string-inspired torsional model in the main text, in Section 3. To this end, we note that the
last term in the exponent on the right-hand side of (A34), [ ¢ d x S is, on account of (A20),
nothing other that the Nieh—Yan topological invariant (24), with the Lagrange multiplier
field ¢(x) playing the role of a space-time dependent Barbero-Immirzi (BI) parameter,
promoted to a dynamical field (the canonically-normalised, shift-symmetry respecting,
axion field b, which the totally antisymmetric component of the torsion corresponds to).

On the other hand, in [119,120], which were the first works to promote the Bl parameter
to a dynamical field, the starting point is the so-called Holst action (23), which by itself is
not a topological invariant, in contrast to the Nieh—Yan term (24). The work of [119,120]
deals with matter-free cases. If y(x) represents the BI field, the Holst term now reads (in
form language):

-1/2
where b = ( 3 ) @ is a canonically normalised pseudoscalar field, and in the second

1 o —
Stiolt = 5,5 | T(x)e" A ARy, (A36)

where R, is the curvature two-form, in the presence of torsion, and we used the nota-
tion of [120] for the inverse of the BI field 7(x) = 7~ !(x), to distinguish this case from
the KR axion b(x) in our string-inspired one. The analysis of [119,120] showed that the
gravitational sector results in the action:

3

1
ff 4. /
Sgerav+Holst+Blfﬁeld == /d x _g|: B @ R+ W

97 | A37
1) T 'r} (A37)

Coupling the theory to fermionic matter [171-173] can be achieved by introducing a
rather generic non-minimal coupling parameter «, for massless Dirac fermions in the form:

Sr = é /eabcde” Ael Aef A {(1 — i) Py D — (1 +ia)(Dy) 9* 1/}}, (A38)

where D is the gravitational covariant derivative, and « € R is a constant parameter.
The case of constant 7 has been discussed in [172,173] (in fact, Ref. [173] deals with
minimally-coupled fermions, i.e., the limit & = 0), whilst the work of [171] extended
the analysis to coordinate-dependent BI, 7(x). The extension of the BI to a coordinate
dependent quantity implies:
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(i) Additional terms of interaction of the fermions (F) with the derivative of the BI field
0,7
I3

S =3 [ V8 GG 7 [~rei@n]) @)

with ]ﬁ the axial current (61), and:

Jv=v1y, (A40)

the vector current.

(ii) Interaction terms of fermions with non-derivative 7(x) terms (a different fermionic
action, using non-minimal coupling of fermions with °, has been proposed in [117]
as a way to resolve an inconsistency of the Holst action, when coupled to fermions,
in the case of constant . In that proposal, the 1 + ia factor in (A41) below, is replaced
by the Dirac-self-conjugate quantity 1 —ia°. The decomposition of the torsion
into its irreducible components in the presence of the Holst action with an arbitrary
(constant) BI parameter, leads to an inconsistency, implying that the vector component
of the torsion is proportional to the axial fermion current, and hence this does not
transform properly under improper Lorentz transformations. With the aforemen-
tioned modification of the fermion action, the problem is solved, as demonstrated
in [117], upon choosing a = 7, which eliminates the vector component of the torsion.
However this inconsistency is valid only if 7 is considered as a constant. Promotion
of the BI parameter 7 to a pseudoscalar field, 7(x), resolves this issue, as discussed
in [171], given that one obtains in that case consistent results, in the sense that the
vector component of the torsion transforms correctly under parity, as a vector, since it
contains now, apart from terms proportional to the vector fermionic current (A40),
also terms proportional to the product of the BI pseudoscalar with the axial fermionic
current (61), as well as terms of the form 79,7, all transforming properly as vectors
under improper Lorentz transformations):

SP—non—deriv [ % / \/ng:(l - it)() @’)’dDr IIJ - (1 + ia)(DrlP) 7d I,U}
3

-/ VR D) R =20 i = ],

(A41)

with D! as the Riemannian gravitational covariant derivative, expressed in terms of the
torsion-free Christoffel connection, which is the result of [172], as expected, because this
term contains non-derivative terms of the BI.

We mention at this stage that the generalised four-fermion interactions (A41), which
involve attractive channels among the fermions, may justify (some of) the expectations
of [174] on the role of torsion-induced fermion condensates in the early universe cosmology,
which cannot characterise the (A24) repulsive terms. Similar features, and thus differences
from our string-inspired model, characterise the classical cosmological torsion model
of [82], as discussed in the main text, Section 3, where again various self-interactions
among properly modified chiral fermions in the model, with various coefficients, are
induced as a result of torsion.

We also observe from (A41) that the case « = 0 (minimal coupling), corresponds to
a four-fermion axial-current (A24), which however depends on the BI field. Thus, this
limiting theory is not equivalent to our string-inspired model, in which the corresponding
quantum torsion-induced four-fermion axial-current-current interaction (A24) is indepen-
dent of the KR axion field b(x), although both cases agree with the sign of that interaction.
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