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We discuss the rôle of torsion in string theory on inducing pseudoscalar degrees of freedom
(axions), which in turn couple to (gravitational) Chern-Simons (CS) anomalous terms. Such
interactions can induce inflation, of running vacuum type, not requiring external inflaton fields,
through condensation of the anomalous terms as a consequence of primordial chiral gravitational-
wave (GW) tensor perturbations in a weak-quantum gravity setting. The presence of an UV cutoff
for the GW quantum graviton modes opens up the system, leading to a dissipative behaviour
realised via the presence of non trivial imaginary parts of the gravitational CS terms. The naive
estimate of the life time of inflation based on such imaginary parts, which afflict the pertinent GW
Hamiltonian, is quite consistent with the estimates of the duration of inflation based on an analysis
of the condensate-induced linear-axion-potential by means of dynamical systems. Such quantum-
gravity effects can also contribute positively to the alleviation of cosmological tensions if they
survive today. In the talk we discuss the conditions under which such a result may be achieved. We
also discuss the potential rôle of other axions in string theory, coming from compactification, in
inducing enhanced densities of primordial black holes during RVM inflation, thereby contributing
to significantly increased percentages of these black holes that can play the rôle of dark matter
components. Moreover, under certain circumstances, that we shall discuss in some detail, it is also
possible that the initially massless torsion-induced axions can acquire a non-trivial mass during
the radiation era, thereby providing additional dark matter components in the Universe. With
regards to this aspect, we also emphasise the rôle of massive right-handed neutrinos, provided that
such excitations exist in the relevant spectra.
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1. Introduction and summary

Axion (pseudoscalar) fields play an important rôle in theoretical cosmological models [1],
although at present they have not been discovered yet. In string theory they arise naturally [2],
either in the massless gravitational multiplet, as duals (in the (3+1)-dimensional spacetime after
string compactification) of the field strength of the spin-1 antisymmetric tensor Kalb-Ramond
(KR) field, or due to compactification. The former axions appear in all string theories, and they
are independent of the details of compactification (this is why they are also called string-model
independent axions). The latter obviously depend on the specific string theory and the associated
compactified geometry from which they arise.

In the present talk I will mostly deal with the string model independent (or KR) axions in
effective (3+1)-dimensional cosmologies, obtained after generic string compactification. These
cosmologies exhibit interesting features, such as: inflation of running-vacuum-model [3] (RVM)
type [4, 5], without the need for external inflaton fields, CPT Violating (CPTV) leptogenesis
during the early radiation era, of the type discussed in [6–10], and also, the possibility, under
some circumstances that we shall discuss here, of simultaneous alleviation of the Hubble 𝐻0 and
growth-of-structure tensions [11], observed in the current era cosmological data, when the pertinent
observations are confronted with theoretical predictions coming from ΛCDM cosmology [12]. The
latter feature occurs under the inclusion of quantum-gravity corrections (in a weak gravity setting).
Indeed, quantum-graviton one-loop corrections to the effective action, when one expands around
de-Sitter epochs, such as the inflationary or modern eras in the Universe cosmic history, result in
terms of the form 𝐻2𝑛 ln(𝐻), 𝑛 ∈ Z+. In modern eras, the terms with 𝑛 = 2 dominate, and in fact
are those which are held responsible for the simultaneous alleviation of both types of cosmological
tensions [11].

All the above features concern a specific type of interactions that characterises these string-
inspired cosmological models, namely interactions of the KR axions with the topological CP-
violating gravitational Chern-Simons (gCS) term (or Hirzenbruch signature [13]). The presence of
such terms is a characteristic feature of strings [14, 15], due to modifications in the definition of the
KR field strength as a consequence of the Green-Schwarz anomaly cancellation mechanism [16].
Essentially the model is a Chern-Simons (CS) gravity [17], which arises when one truncates to
second order (i.e O(𝛼′), where 𝛼′ the Regge slope) the infinite series in spacetime derivatives that
characterises the low-energy effective field-theory limit of strings. The inflationary epoch arises
from condensation of the gCS terms due to primordial gravitational waves (GW) [5], and is due
to 𝐻4 terms in the effective vacuum energy density, where 𝐻 denotes the (approximately) constant
Hubble parameter during inflation. It is such non-linear 𝐻4 terms the lead to an early inflationary
phase in the cosmological RVM evolution [18, 19] this model is subject to, which does not require
external inflaton fields.

An important remark we would like to make at this point concerns the role of the KR field
strength in O(𝛼′) string-effective actions as a (totally antisymmetric part of a) torsion [20–23]. In
this respect, the CS gravity models also characterise generic Einstein-Cartan theories with fermions
in contorted geometries, not related to strings, where the totally antisymmetric part of the torsion is
associated with the derivative of a pseudoscalar (axion-like-particle (ALP)) degree of freedom [13].

During inflation in the string-inspired RVM model of [4, 5], called from now StRVM, one
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has a linear axion potential [24], as a consequence of the condensate, whose presence also guar-
antees a ground state configuration of the KR axion field, linear in cosmic time, which violates
spontaneously Lorentz and CPT symmetry. Under certain conditions, this axion configuration can
survive undiluted the inflationary epoch, and leads to the aforementioned CPTV leptogenesis in the
radiation epoch in theories involving massive right-handed neutrinos (RHN) [6–10]. The latter can
then be communicated to the baryon sector via sphaleron processes in the standard model sector of
the effective theory, which preserve the difference of the Baryon minus Lepton numbers. In this
way, an unconventional mechanism for matter-antimatter asymmetry in the universe is obtained,
which has its routes in the underlying geometry of strings, given that the KR axion is associated
with torsion, as already mentioned.

The structure of the talk is as follows: in the next section 2, we discuss the effective string-theory
model of CS gravity with torsion-induced KR axions, and explain how a linear axion potential arises
due to condensation of the anomaly terms, as a result of primordial GW-modes, which are generated
in a pre-RVM inflationary epoch of this universe. We argue, using a dynamical-system approach,
that such potentials lead to metastable inflationary epochs, and estimate the duration of inflation,
which depends on the initial conditions of the cosmological axion system. As an independent check,
we perform an alternative estimate of the inflation-era life time by making use of the imaginary
parts of the CS condensate, and, hence, of the Hamiltonian describing the gravitational dynamics
induced by the chiral GW, and find consistency with the dynamical-system estimate which was
based on the real part of the CS condensate. We note that the presence of imaginary parts in the
computation of the gravitational CS condensate is due to the imposition of an UV cutoff in the
momenta of the pertinent quantum graviton modes, associated with the (weak) GW pereturbations.
Such a cutoff, opens up the quantum-graviton system, with the modes with momenta above the cutoff
playing the rôle of an ”environment”, which induces dissipation, realised through the presence of
the aforementioned imaginary parts. In the current work we make use of such instabilities to argue
on the metastable nature of the RVM inflationary era in the StRVM. We note at this stage that a
rather different instability of the CS gravity, upon the imposition of an UV cut - off on the GW
spectrum, has been observed in [25] in a rather different perspective, by including ghost graviton
modes. Par contrast, in our case, as explained in [24], and mentioned later on in this talk, such
ghost gravitons are absent from our spectrum, due to the choice of the UV cutoff.

We also discuss the periodic modulation of the axion potentials in multiaxion situations encoun-
tered in strings, which involve axions arising from compactification in addition to the KR axions.
Non-perturbative world-sheet instantons are held responsible for the generation of such periodic
modulations of the axion potentials, which in turn may affect the densities of the primordial black
holes during inflation, and, as a consequence, the profile of GW in the early radiation era. In section
3, we discuss the features of the model in post-RVM inflationary eras, in particular the generation
of KR axion potentials, including mass terms, during the early radiation epoch, either through the
path-integration of heavy RHN, or through quantum-chromodynamics (QCD) instanton effects.
Both effects are the result of the breaking of the shift symmetry, either by the mass of the RHN or by
the QCD instantons. In this way, the so arising massive KR (torsion-induced) axions could play the
role of a dark matter component, which is thus geometrical in origin. In modern epochs, including
the present era, we discuss one-loop quantum-graviton effects around the spacetime background of
the modern de-Sitter era of the Universe, and argue that, under some circumstances, these effects
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can dominate the ones encountered in matter quantum field theories in such curved spacetimes, and
be responsible for the alleviation of both types of cosmological tensions, provided the latter have
a fundamental physics origin, and are not artefacts of statistics or admit mundane astrophysical
explanations [26]. Finally, section 4 contains our conclusions and a brief outlook.

2. The Stringy Running Vacuum Model and Inflation: the rôle of torsion-induced
axions

Our starting point is the effective (3+1)-dimensional string-inspired gravitational theory with
axions and CS anomalies, derived in refs. [4, 5], where we refer the interested reader for details. The
effective cosmological field-theory model is based on the (bosonic sector of the) massless ground
state of the underlying superstring theory, and to O(𝛼′) is given by:1

𝑆
eff (I)
B =

∫
𝑑4𝑥

√−𝑔
[ 1
2𝜅2 𝑅 − 1

2
𝜕𝜇𝑏 𝜕

𝜇𝑏 −
√︂

2
3

𝛼′

96 𝜅
𝑏(𝑥) 𝑅𝜇𝜈𝜌𝜎 𝑅𝜈𝜇𝜌𝜎 + . . .

]
, (1)

where 𝜅2 = 𝑀−1
Pl is the (3+1)-dimensional gravitational coupling, with 𝑀Pl ≃ 2.4 · 1018 GeV the

reduced Planck mass, 𝛼′ = 𝑀−2
𝑠 is the Regge slope, with 𝑀𝑠 the string mass scale, which in

general is different from 𝑀Pl, and is treated as a phenomenological parameter, and the dots . . .

denote higher-derivative and gauge terms, which are not relevant for our purposes in this section.
In (1), the symbol 𝑅𝛼𝛽𝛾𝛿 = 1

2𝑅
𝜌𝜎

𝛼𝛽
𝜀𝜌𝜎𝛾𝛿 , denotes the dual of the Riemann tensor in (3+1)-

dimensional spacetimes, with 𝜀𝜌𝜎𝜅𝜆 =
√︁
−𝑔(𝑥) 𝜖𝜌𝜎𝜅𝜆 the covariant Levi-Civita symbol, under the

convention that the symbol 𝜖0123 = 1, etc is the totally antisymmetric symbol in (3+1)-dimensional
flat-Minkowski spacetime. The field 𝑏(𝑥) is the KR, or string-model independent, axion-like-
particle [2, 13], whose derivative is associated with the dual (in (3+1)-dimensional spacetimes)
of the field strength of the spin-one antisymmetric tensor of the string ground-state multiplet. In
(1) we have set the dilaton to a constant value, which can be self-consistently guaranteed in the
context of low-energy field theories obtained from strings, upon inclusion of an appropriate dilaton
potential, which is minimised accordingly [27]. Such a dilaton potential can arise from string-loop
corrections to the effective action.

In [4, 5], it was proposed that primordial GW, which can be generated in a pre-RVM inflationary
phase of the model (1) characterised by stiff-KR-axion dominance [5, 28], can condense leading to
a condensate of the CS anomaly term:

⟨𝑅𝜇𝜈𝜌𝜎 𝑅𝜈𝜇𝜌𝜎⟩N𝐼
≃ constant , (2)

where ≃ denotes an approximate constancy, that is, at most a very mild variation with the cosmic
time is allowed, in the isotropic and homogeneous expanding universe background of approximately
de Sitter type which characterises the RVM-inflationary epoch of the model. In (2) the index N𝐼

denotes the number density per proper volume of primordial GW sources. Under the assumption
of a linear superposition of the GW perturbations due to the various sources, one obtains [29] that
the condensate (2) is proportional to N𝐼 .

1Throughout this work we work in units ℏ = 𝑐 = 1, and use the following metric-signature conventions and definitions:
signature of metric (−, +, +, +), Riemann Curvature tensor 𝑅𝜆

𝜇𝜈𝜎 = 𝜕𝜈 Γ
𝜆
𝜇𝜎 + Γ

𝜌
𝜇𝜎 Γ𝜆𝜌𝜈 − (𝜈 ↔ 𝜎), Ricci tensor

𝑅𝜇𝜈 = 𝑅𝜆
𝜇𝜆𝜈

, and Ricci scalar 𝑅𝜇𝜈𝑔
𝜇𝜈 .
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The existence of a non-zero condensate in the presence of CS terms is guaranteed if chiral
(that is left, right mode asymmetric [30]) GW (quantum) perturbations of the background metric
are taken into account,2 in a weak-quantum-gravity setting [31, 32], where graviton modes are
integrated out up to a momentum-scale Ultraviolet (UV) cutoff 𝜇. In the context of low-energy
effective field theories obtained from strings the cutoff 𝜇 can be naturally identified with the string
scale 𝑀𝑠 [29]. The latter is a phenomenological parameter, which can be taken to be at most equal
to the reduced Planck scale, 𝑀𝑠 ≤ 𝑀Pl, so that the transplanckian censorship hypothesis is satisfied,
which in this context means that no graviton modes are allowed to have momenta with a magnitude
exceeding the Planck scale. Then, it can be shown [4, 5] that the GW-induced condensates (2) do
survive the exponential expansion during the RVM inflation, provided a sufficiently large number of
GW sources exist during the RVM inflationary epoch [29]. The abrupt formation of these sources,
in short time periods relative to the duration of inflation, is responsible for the transition from the
stiff - axion - era to the RVM inflationary phase [24]. The so-required number of such sources is
expressed as a function of the ratio 𝑀𝑠/𝑀Pl. We stress once again that this approach is compatible
with setting the UV cutoff of the GW modes equal to the string scale 𝑀𝑠, and keeping 𝑀𝑠 ≲ 𝑀Pl,
as a phenomenological parameter.

The computation of the condensate proceeds via weak-quantum-gravity perturbations, of chiral
GW type, of the Friedmann-Lemaitre-Robertson-Walker (FLRW) background spacetimes. The
action describing the graviton modes produced though the chiral GW reads [24],

𝑆 = − 1
2𝜅2

∑︁
𝜆=𝐿,𝑅

∫
𝑑𝜂

∫
𝑑3𝑘 𝑧2

𝜆, ®𝑘
(𝜂)

(
| ℎ̃′

𝜆, ®𝑘
|2 − 𝑘2 | ℎ̃

𝜆, ®𝑘 |
2
)
, (3)

where
𝑧
𝜆, ®𝑘 (𝜂) = 𝛼

√︃
1 − 𝑙𝜆𝑙 ®𝑘𝐿𝐶𝑆 (𝜂) , 𝑙𝜆 = ±1, 𝜆 = 𝐿, 𝑅 (4)

and

𝐿𝐶𝑆 (𝜂) = 𝑘𝜉 , 𝜉 =
4𝐴𝑏′𝜅2

𝛼2 , 𝐴 =

√︂
2
3

𝛼′

48 𝜅
, (5)

and the prime indicates derivative with respect to the conformal time 𝜂 of the FLRW background
spacertime. Thus, the condition for the redefinition function, 𝑧

𝜆, ®𝑘 , to be real, so that ghost
instabilities are avoided, sets a lower limit for the UV cut-off, 𝜇 = 𝑀𝑠, at the order of:3

𝑀𝑠 > 10−8𝑀Pl , (8)

2For scenarios of such primordial GW generation we refer the reader to [5], and references therein.
3For the calculation of the bound (8) the approximately constant value for ¤𝑏:

¤𝑏 ≈ 10−1𝐻𝐼𝑀Pl , (6)

during the RVM inflation, has been taken into account [24], where the inflationary-era Hubble parameter 𝐻𝐼 is set to the
value:

𝐻𝐼 ≈ 10−5𝑀Pl , (7)

as follows from the current data fits of single-field inflationary models [12]. Such a value for ¤𝑏 is compatible with
an inflationary epoch that lasts for 50-60 e-folding, as follows from the dynamical system analysis of the linear-axion
potential performed in [24]. The value (6) is also in agreement with the analysis of [4, 5].
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compatible with the aforementioned transplancian conjecture.
The presence of the condensate (2) leads to a linear KR axion potential, of axion-monodromy

type, that is encountered in some string/brane-inspired cosmological models, after appropriate
compactification [33]. Such a linear-axion potential can lead to inflation. However in such a
conventional string/brane theory context, the coefficient of the linear axion field is a constant
depending on the parameters of the appropriate string compactification used. Par contrast, in the
StRVM the condensate has structure, and in fact it contains terms scaling with the quadratic and
quartic powers of the Hubble parameter 𝐻 (𝑡), in the appropriate epoch in which it is computed
(where 𝑡 denotes the cosmic time of a Robertson-Walker observer). In fact, within our context,
by calculating the CS condensate (2) at the end of the stiff-axion era, which precedes the RVM
inflation [5], one can use the dynamical-system approach [24] to study the details of the passage
from that era to the RVM inflation, utilising the (approximate) linearity of the axion potential.
However, in the StRVM, whose dynamics is expressed by the model (1), the dominant driving force
for generating an inflationary era of RVM type [18, 19] is the quartic power of 𝐻4 that appears in the
effective action, and thus in the vacuum energy density, due to the CS condensate [4, 5]. In fact, it can
be explicitly shown [5] that the equation of state (EoS) in the phase of a CS-condensate dominance
in the model (1) is 𝑤 = −1, despite the mild cosmic-time 𝑡 dependence of the vacuum energy
density on the cosmic time through 𝐻 (𝑡). This is exactly the situation encountered in the RVM
framework [3], and does not characterise the linear-axion-induced inflation in conventional strings.
Nonetheless, as demonstrated by the explicit computations of [24], the linear axion does induce the
appropriate transition from a stiff-axion to an inflationary phase, but the latter is dominated by the
non-linear 𝐻4 terms appearing in the CS condensate.

In the case of the linear axion potential induced by the condensate of chiral GW, inflation arises
as a saddle point of the cosmic evolution [24]. It should be stressed at this point that the passage
from such a point is achieved only under certain initial conditions for the axion field, corresponding
to the time that the condensate is formed during the stiff - axion - era that preceeds the RVM
inflationary era [5]. If such initial conditions occur, the passage of the system from the saddle point
induces an appropriate nearly-de-Sitter expansion, with an effective cosmological constant given
by,

Λ𝑒 𝑓 𝑓 =
1
2
𝐴⟨𝑅𝜇𝜈𝜌𝜎𝑅

𝜈𝜇𝜌𝜎⟩NI𝑏 ≈ const > 0 , (9)

with 𝐴 defined in (5). The reader should notice that the behaviour of the axion (6) is crucial for
ensuring the approximate constancy (in order of magnitude) of Λ𝑒 𝑓 𝑓 during the entire duration
of the RVM inflation Δ𝑡𝐼 , provided at the beginning of inflation the axion |𝑏(𝑡begin) | ∼ 10 𝑀Pl,
which is compatible with the initial conditions for inflation in the analysis of [24], but also of
[4, 5]. It is also important to notice that the time of formation of the condensate during the
stiff - axion - era is essential [24] for obtaining the phenomenologically viable duration of inflation,
𝐻𝐼Δ𝑡𝐼 ∼ 𝑁𝑒 = O(50−60), where 𝑁𝑒 is the number of e-foldings, with the Hubble parameter during
inflation 𝐻𝐼 assumed to take on the phenomenological value (7), as inferred from the data [12].
Such a dependence on the initial conditions is an artifact of the spontaneous breaking of the shift
symmetry for the axion 𝑏(𝑥), due to the formation of the condensate, while the "saddle-point”
nature of inflation induces the appropriate exit from the inflationary era, making the RVM de-Sitter
era a metastable phase of the evolution of the StRVM. This is crucial for ensuring the consistency
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of the StRVM with the swampland criteria [34–38].
It is important to mention at this point that the metastability of the de Sitter vacuum character-

ising the RVM inflation is also compatible with the existence of appropriate imaginary parts in the
effective action, arising in the weak quantum-gravity treatment of [24, 32]. Indeed, the gravitational
CS-condensate, beyond its real part that contributes to the effective cosmological constant (9) via
the appropriate contribution of the sources, acquires additionally an imaginary part, given by:4

Im
(
⟨𝑅𝜇𝜈𝜌𝜎𝑅

𝜈𝜇𝜌𝜎⟩
)
=

16𝐴 ¤𝑏𝜇7

7𝑀4
Pl 𝜋

2

1 +
(
𝐻𝐼

𝜇

)2 ©«21
10

− 6

(
𝐴𝜇 ¤𝑏
𝑀2

Pl

)2ª®¬
 (10)

where the last term on the right-hand side of the above equation is subdominant, but we give it here
explicitly, for completeness. The imaginary parts of the condensate back-react also on the effective
Lagrangian and, hence, the corresponding Hamiltonian H also acquires an imaginary part, which
can be estimated as follows:

Im (H) =
∫

𝑑3𝑥
1
2
𝐴 𝑏 Im

(
⟨𝑅𝜇𝜈𝜌𝜎𝑅

𝜈𝜇𝜌𝜎⟩
)
≈ 𝑉

(3)
𝑑𝑆

8𝑏𝐴2 ¤𝑏𝜇7

7𝑀4
Pl 𝜋

2
. (11)

where 𝑉 (3)
𝑑𝑆

denotes the de Sitter 3-volume.
We stress at this point that the imaginary parts of the CS condensate arise due to the presence

of the UV cutoff 𝜇, which in turn implies that the system of graviton modes with momenta below
𝜇 is an open, dissipative quantum system interacting with an “environment” of the modes with
momenta above the cutoff.5 The dissipative nature of our open-system, due to the introduction of a
cut-off 𝜇 in our effective description, provides us with a naively defined estimate of the lifetime 𝜏

of the inflation vacuum (in natural units, where ℏ = 1):6

𝜏 ∼ (ImH)−1 . (12)

Note that the (Euclidean) four volume 𝑉 (3)
𝑑𝑆

𝑇𝐸 of the de-Siter spacetime, is given by [42–44]

𝑉
(3)
𝑑𝑆

𝑇𝐸 =
24𝜋2

𝑀2
PlΛ

, Λ ≈ 3𝐻2
𝐼 , (13)

with 𝑇𝐸 corresponding to the Euclidean time, defining the appropriate duration of inflation via

𝑇𝐸 ∼ (50 − 60)𝐻−1
𝐼 . (14)

4Note that here ⟨. . . ⟩ denotes the vacuum expectation values for a single source of GW, unlike the case of the real
part of the CS condensate (9), where all sources contributions are additive. The instability of the GW vacuum, associated
with the existence of a non-trivial imaginary part (10), follows by considering a single source of GW.

5In this sense, the dissipative nature of our graviton system is somewhat analogous to the representation of a decaying
particle system as an open quantum system, where the states of the decay products play the rôle of the pertinent
“environment”, see, for instance the works in [39–41].

6The estimate (12) is considered naive because of the fact that the inflationary vacuum in the StRVM is a complicated
quantum-gravitational ground state, and thus the naive estimate of its lifetime, as given by the inverse of the imaginary
part of the respective Hamiltonian, which is the standard lore in the case of unitary quantum mechanical or particle
systems, may not be strictly valid. Nonetheless, as we shall see below, such a naive estimate leads to consistent results
on the duration of inflation with those of the dynamical-system approach of [24].
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Substituting the above to eq.(11), we obtain:

Im (H) = 64𝑏𝐴2 ¤𝑏𝜅6𝜇7

7𝐻𝐼

· 1
𝐻𝐼𝑇

𝐸
. (15)

The order of magnitude of the quantities entering (15) can be taken from [24], by leaving the
string-scale 𝑀𝑠 = 𝜇 as a free parameter. Then, we can easily obtain that the (naively defined)
lifetime 𝜏 of the RVM inflationary vacuum of the StRVM is given by:

𝐻𝐼𝜏 ∼
7𝐻2

𝐼
𝑀6

Pl

64𝑏𝐴2 ¤𝑏𝑀7
𝑠

(
𝐻𝐼𝑇

𝐸
)
∼ 10−2

(
𝑀Pl

𝑀𝑠

)3
· (𝐻𝐼𝑇

𝐸) . (16)

For such a decay rate to be consistent with the duration of inflation (14), the following upper limit
for the string-effective-theory UV cut-off 𝜇 = 𝑀𝑠 has to be satisfied:

𝑀𝑠

𝑀Pl
≲ 0.215 . (17)

This is quite consistent with the findings of the linear-axion-potential dynamical-system analysis
of [24], which concentrated on the real part of the CS condensate. The above discussion leads to
the conclusion that the rôle of KR axions (or other string-compactification-induced axions, which
also couple to the gravitational CS term) in inducing RVM inflation is instrumental, since, in their
absence, the CS term, being a total derivative, would not contribute to the dynamics in (1) and the
pertinent condensate would be trivially vanishing.

In addition to their rôle in inducing RVM inflation, string axions play another important rôle.
Non-perturbative world-sheet instanton effects may generate periodic modulation on the axion
potentials [33], in addition to the linear axion contributions coming from the CS condensates. In
multiaxion-models, such as the ones expected to correspond to realistic string theories, in which both
KR and string-compactification-induced axions are present, depending on the relevant parameters,
one may face a situation in which the periodic modulations due to the compactification axions
dominate the late stage of the KR-axion-induced RVM-inflation, thus producing enhanced densities
of primordial black holes at the inflation-exit phase, which in turn will modify the profiles of the
GW generated, e.g., by the non-spherically symmetric merging of these PBHs, and thus the GW
spectrum in the early radiation era [45]. In fact, such effects can be in principle distinguishable,
e.g. in future interferometers such as LISA, from conventional string theory models of axion
monodromy, such as those in [46].

Specifically, assuming for simplicity and concreteness that only one compactification axion is
dominant during the RVM inflation, in addition to the torsion-induced KR axion, the situation is
effectively described by the following effective potential in the axionic sector [45]:

𝑉 (𝑎, 𝑏) = Λ1
4
(
1 + 𝑓 −1

𝑎 𝜉1 𝑎(𝑥)
)

cos( 𝑓𝑎−1𝑎(𝑥)) + 1
𝑓𝑎

(
𝑓𝑏 Λ0

3 + Λ4
2

)
𝑎(𝑥) + Λ0

3 𝑏(𝑥),

Λ0 ∝ ⟨𝑅𝜇𝜈𝜌𝜎 𝑅𝜈𝜇𝜌𝜎⟩ , (18)

where 𝑓𝑎 is the compactification-axion-𝑎-field coupling; the KR axion coupling 𝑓𝑏 is given by the
inverse of the numerical coefficient in front of the gCS term (third term on the right-hand-side) of
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the action (1), divided by the normalisation factor 16𝜋2, that is

𝑓𝑏 =
96

16 𝜋2

√︂
3
2

𝜅

𝛼′ ≃ 1.3
𝜅

𝛼′ = 1.3
𝑀2

𝑠

𝑀Pl
. (19)

This can be understood as follows: the gCS term is only part of the structure arising from the
implementation of a Bianchi identity of the modified field strength of the antisymmetric tensor
field due to the Green-Schwarz mechanism [47]. In the presence of (non-Abelian in general) gauge
fields, the complete term in the effective action, replacing the gCS term would assume the mixed
(gauge and gravitational) anomaly form

𝑆
eff (anomalies)
B ∋ −

∫
𝑑4𝑥

√−𝑔
√︂

2
3

𝛼′

96 𝜅
𝑏(𝑥)

[
𝑅𝜇𝜈𝜌𝜎 𝑅𝜈𝜇𝜌𝜎 + tr

(
F𝜇𝜈 F𝜇𝜈

)]
, (20)

where tr is a trace over the gauge-group indices, and F denotes the (non-Abelian in general) gauge
field strengths that enter the chiral anomaly. The term inside the square bracket

[
. . .

]
is a total

derivative, and expresses the mixed anomaly. In the StRVM, in the early universe, gauge fields have
not been generated before the end of the RVM inflation. Nonetheless, to understand how we can
define the KR axion coupling, we need to discuss the coupling of the 𝑏 field to the chiral anomaly
in a gauge sector. In this setting, the axion coupling 𝑓𝑏 is defined in such a way that the axion
𝑏 would couple to the chiral anomaly (in the gauge sector of the effective action) with standard
normalisation, as

∫
𝑑4𝑥

√−𝑔 1
16𝜋2 𝑓𝑏

tr
(
F𝜇𝜈 F𝜇𝜈

)
. Given the topological result for the Pontryagin

index [48] 1
16𝜋2

∫
𝑑4𝑥 tr

(
F𝜇𝜈 F𝜇𝜈

)
∈ Z, where Z the set of integers, we observe that the effective

shift-symmetry-breaking potential, induced by gauge-group instantons, is periodic under the shifts
𝑏(𝑥) → 𝑏(𝑥) + 2𝜋 𝑓𝑏.

Note that the world-sheet-instanton-induced, non-perturbative, periodic modulation terms in
(18) do not generate axion masses. In the analysis of [45], the energy scales Λ1,Λ2 associated with
the periodic modulation terms of the effective axion potential, as well as the parameters 𝜉1, 𝑓𝑎, are
phenomenological, but with the constraint that:( 𝑓𝑏

𝑓𝑎
+

Λ4
2

𝑓𝑎 Λ
3
0

)1/3
Λ0 < Λ1 ≪ Λ0 . (21)

The latter is necessary to ensure that the RVM inflation is driven by the 𝑏(𝑥) field, which is the
essence of the StRVM. The compactification-axion 𝑎(𝑥) field, on the other hand, which develops
periodic modulations in its potential, that dominate late stages of RVM inflation, is responsible for
only prolonging the RVM inflation.

Par contrast, in conventional string model linear-axion inflation [46], the opposite situation
is realised, and the inflation is driven by the compactification axion, whose potential contains the
world-sheet-instanton-induced periodic structures, while the KR axion is responsible simply for
prolonging - via its linear potential - the duration of inflation, which however is not of RVM type.
In this case, the following hierarchy of scales is valid:

Λ0 ≪
( 𝑓𝑏
𝑓𝑎

+
Λ4

2

𝑓𝑎 Λ
3
0

)1/3
Λ0 < Λ1 . (22)
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The situation on the effects of the enhanced PBH density on the profiles of the GW in the two cases
is given in fig. 1. Although both cases (21), (22) lead to enhanced GW power spectra and enhanced
production of pBH during inflation, nonetheless the conventional string-monodromy case (22) is
characterised by featureless energy density profiles of GW after inflation, in contrast to the case
(21), where the periodic modulations of the compactification-axion-potential at the end of the KR-
axion-driven RVM inflation lead to a rich structure in the GW profiles during the radiation epoch,
experimentally distinguishable in principle, e.g. in future interferometers, such as LISA [45].
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Figure 1: The results of the power spectrum (𝑃𝑅), as a function of the energy scale 𝑘 (Mpc−1), fractional
abundance of PBHs of mass 𝑀PBH (ΩPBH/ΩDM), and the energy density of induced GWs of frequency
𝑓 (𝐻𝑧) (ΩGW ℎ2), for some representative set of parameters, and appropriate initial conditions for inflation:
Upper three figures in the context of the StRVM-inflationary model, with the scale hierarchy (21), as given
in [45], which these figures have been taken from. For concreteness, the fractional abundance of pBH is
𝑓𝑃𝐵𝐻 = 0.01. Lower three figures: the same as above, but for the model of [46], with the hierarchy of scales
(22). The parameters, which these figures correspond to can be found in [45]. We also show experimental
regions already, or to be, excluded, including those from future interferometers (such as LISA)

.

The above discussion, therefore, points to the fact that stringy axions can play an important rôle
in early-Universe cosmology, not only by driving RVM-type inflation, through GW condensation of
gCS terms, but also by enhancing the density of PBHs, thus increasing the possibility of modified
GW profiles during early radiation. Moreover, through the axion-induced increased PBH densities
mechanism, described above, they also imply potential contributions to Dark Matter (DM), provided
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the PBHs have masses in the appropriate windows to play the rôle of such DM components. In fact,
as explained in [45], this axion-induced amplification mechanism allows for potentially significant
amounts of PBH-DM in the Universe, for some ranges of the parameters of the models.

Axions, however, can also play an important rôle in post-RVM-inflationary epochs of the
StRVM cosmology, including a direct contribution to DM by the stringy axions upon mass gen-
eration, but also to the lepton asymmetry in theories which have massive right-handed neutrinos
(RHN) in their spectra. We proceed to discuss such features in the next section.

3. Post-Inflationary Epochs and quantum-gravity corrections: dark matter of
geometric origin and the potential alleviation of the cosmological tensions

The presence of CS gravitational anomalous terms during the post inflationary epoch could
potentially affect significantly the cosmological evolution, including Big-Bang nucleosynthesis
(BBN) data, if such terms survive inflation. As already mentioned in the previous section, the
GW-induced condensates (2), do survive the exponential expansion during the RVM inflation,
provided a sufficiently large number of GW sources exist in the primordial pre-RVM inflationary
universe [29]. However, in the model of [4, 5], at the final stages of the RVM inflation, the decay
of the metastable vacuum produces among other radiation and matter fields, also chiral fermionic
matter fields. The presence of the latter, imply additional terms in the effective Lagrangian (1), of
the form [4]:

𝑆
eff (end I)
𝐹

∋ kinetic fermion terms +M 𝑓

∫
𝑑4𝑥

√−𝑔 𝑏 𝐽5𝜇
;𝜇 + repulsive 𝐽5𝜇𝐽5

𝜇 interactions (23)

where the semicolon ; denotes gravitational covariant derivative, and M 𝑓 is a coefficient to be
determined by the requirement [4, 5] of cancellation of the primordial gCS term in (1). The
current 𝐽5𝜇 =

∑
𝑖 𝜓𝑖 𝛾

5 𝛾𝜇 𝜓𝑖 is an axial current summed over all chiral fermion degrees of freedom,
including stringy ones. In the presence of (massless) chiral fermions circulating in quantum loops,
the axial current is not conserved at a quantum level. The well-known exact result of the one-loop
computation of the chiral anomaly yields terms for the covariant divergence of 𝐽5𝜇 which are of a
mixed anomaly term for curved spacetimes, as the ones pertaining to Cosmology:

𝐽
5𝜇

;𝜇 = 𝑐1𝑅𝜇𝜈𝜌𝜎𝑅
𝜈𝜇𝜌𝜎 + 𝑐2 F𝜇𝜈 F𝜇𝜈 , (24)

where 𝑐𝑖 , 𝑖 = 1, 2 are numerical coefficients, which are proportional to the number of chiral fermion
species, circulating in the loop of the chiral anomaly. According to the requirement of gravitational
anomaly cancellation during the post-inflationary eras, postulated in [4, 5], the number of chiral
fermion species is tuned in such a way so that the primordial gCS term in (1) is cancelled by the
corresponding term on the right-hand-side of Eq. (24). Only chiral anomalies in the gauge sector
survive. During the epoch in which the dominant energy scale is that of QCD, the latter yield,
through the instanton effects of the SU(3) colour-group, shift-symmetry-breaking periodic potential
for the KR axion of the form [27]:

𝑉𝑏 = Λ4
QCD

(
1 − cos

( 𝑏
𝑓𝑏

) )
, (25)
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where 𝜆QCD is the QCD energy scale of order 200 MeV, and 𝑓𝑏 the KR axion coupling, defined
earlier (19). The potential (25) contains a (non-perturbatively generated) mass term for the KR

axion, of order 𝑚𝑏 =
Λ2

QCD
𝑓𝑏

, implying that in such scenarios the KR axion can play the rôle of a
DM component. The order of such a mass depends on the relative magnitude of the string scale
𝑀𝑠 to the Planck scale 𝑀Pl. The maximum allowed value of 𝑀𝑠 ∼ 𝑀Pl yields a lower bound on
𝑚𝑏 ≳ 10−11 eV. For lower values of 𝑀𝑠 one gets QCD axion masses within the expected range for
non-thermal production using misalignment mechanisms [49]).

However, there is an additional mechanism for mass generation of the initially massless stringy
axions, in post inflationary epochs of models that contain massive RHN. In principle, at the end
of the RVM inflation, massless RHN are also generated, alongside the rest of the chiral fermions.
RHN can themselves couple to axions via shift-symmetry breaking non perturbative stringy effects,
and acquire mass according to the two-loop anomalous mechanism of [50]. According to this
scenario, which applies to a string-inspired model with a KR and another axion field, coming, say,
from compactification, two gravitons emanating from a gCS term couple to RHN, together with the
KR axion which mixes kinetically with the axion from compactification. The latter then couples
directly to the RHN, via chirality changing non-perturbative couplings (see fig. 2). In our scenario,

Figure 2: Radiative mechanism for Majorana RHN (𝜈𝑅) mass generation through shift-symmetry breaking
axion-RHN couplings, in the presence of Chern-Simons gravity. The suffix 𝐶 indicates conjugate neutrino
state. ℎ𝜇𝜈 indicate quantum graviton fluctuations about a space-time background, which can be taken to be
the FLRW expanding universe spacetime. The dark blob denotes the gCS term coupled with the KR axion.
The “X” indicates kinetic mixing of the KR axion to the axion from compactification. Picture taken from
[50].

.

we may assume that such a Majorana RHN mass term is generated at the early phase of radiation.
soon after the exit from RVM inflation. The resulting mass may be assumed sufficiently heavy (for
details of the mass see discussion in [50]).

Integrating out in the effective theory such massive RHN (which do not respect the shift sym-
metry) results in an effective shift-symmetry-breaking potential and mass terms for the respective
axions. For instance, as discussed in [51], the interaction of the massive RHN with initially massless
axions, such as the KR axion, has the generic structure

�̄�
(
/𝑝 − 𝑚𝑁 − 𝑋 [�̃�]

)
𝑁, (26)
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where 𝑋 can be parametrised as [52]:

𝑋
[
�̃�
]
= 𝑊0

[
�̃�
]
+ 𝑖𝑊1

[
�̃�
]
𝛾5 +𝑉𝜇

[
�̃�
]
𝛾𝜇 + 𝐴𝜇

[
�̃�
]
𝛾𝜇𝛾5. (27)

In our case of interest, the relevant part of 𝑋
[
�̃�
]

is

𝑊1

[
�̃�

]
=

2𝑚𝑁

𝑓𝑏
�̃�. (28)

The resultant effective axion potential (up to dimension 6 operators, which we restrict our attention
to, for the purposes of this talk) is:

𝑉eff [𝑏] = 𝑎2

(
𝑊1

[
�̃�

] )2
+ 𝑎4

(
𝑊1

[
�̃�

] )4
+ 𝑎6

(
𝑊1

[
�̃�

] )6
+ . . . , (29)

where

𝑎2 = 4𝑚2
𝑁

(
1 − 1

2
ln

𝑚2
𝑁

𝜇2

)
, 𝑎4 =

5
6
− ln

𝑚2
𝑁

𝜇2 and 𝑎6 = − 1
3𝑚2

𝑁

. (30)

In the above formulae, 𝜇 is a dimensional-regularisation-induced transmutation mass scale in the
effective theory. The latter is defined below an UV cutoff scale Λ, which is determined by the heavy
RHN mass scale 𝑚𝑁 . For the validity of the effective theory we need to have for the KR axion
coupling 𝑓𝑏 ≳ 𝑚𝑁 . We note, for completeness, that, if the heavy neutrinos are used in Leptogenesis,
according to the mechanism of [6–10], which also applies to the StRVM framework [4, 5] in the
early radiation era, a plausible order of the RHN mass is 𝑚𝑁 ∼ 105 GeV. Of course, much heavier
RHN are also allowed, upon appropriate choice of the parameters of portal interactions between the
RHN and standard model sectors. In our case, as already mentioned, the large mass 𝑚𝑁 plays the
rôle of an ultraviolet cutoff for the effective theory. One may do the following matching [53] at

𝑚𝑁 ≃ 𝜇 , (31)

and run the scale 𝜇 in the regime

𝜇 ≲ 𝑚𝑁 , (32)

to lower values until one hits an experimentally measurable physical mass scale. In our system, such
a mass scale would be the axion 𝑏 mass 𝑚𝑏. The latter is generated by the integration of the heavy
RHN, which induces an effective KR axion mass given by:

𝑚2
𝑏 = 32

𝑚4
𝑁

𝑓 2
𝑏

(
1 − 1

2
ln[

𝑚2
𝑁

𝜇2 ]
)
. (33)

For the string model (1), we obtain, from (33) and (19), the following mass for the axion 𝑏:

𝑚𝑏 ∼ 4.35
𝑚2

𝑁
𝑀Pl

𝑀2
𝑠

. (34)

Thus, for the maximum allowed value of 𝑓𝑏 ∼ 𝜅−1 (for the case 𝛼′ ∼ 𝜅2), upon fixing 𝜇 ∼ 𝑚𝑁 ≪ 𝑓𝑏

to order at least 105 GeV, as in the leptogenesis model of [7–10]), we obtain from (33) axion
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masses of minimum order 𝑚𝑏 ≳ 18 eV. This mass is too large for the KR axion in this model
to play the role of the QCD axion (which is expected to have mass of O(10) 𝜇eV at most [49]).
However, this mass is within the range of an axion-like-particle (ALP) dark matter component,
including those coming from detailed string models after appropriate compactification to (3+1)-
dimensions [1, 54, 55]. Indeed, an acceptable ALP mass range, consistent with astrophysical and
cosmological constraints [1, 49, 56–58], is: 10−20 eV ≲ 𝑚ALP ≲ eV, where the upper bound in
this relation pertains to ALPs produced by simple misalignment mechanisms, which -unlike the
QCD axions - do not couple directly to gluons [49]. In general, astrophysical constraints allow for
much heavier ALP masses. The lower bound in the above range of ALP masses requires that the
axion constitutes the whole of the dark matter. The models in [4, 5] are not restrictive on this last
requirement, though, and the axions could be only part of DM. Hence, some of the above constraints
are relaxed. We note that, due to (19), (34), the existence of an experimentally probed upper bound
(of order of eV) on the ALP mass, allowed by simple misalignment mechanisms, if applicable to
our KR axion in the StRVM case, is quite restrictive for the string scale in such models, allowing,

for fixed values of 𝑚𝑁 , only models with string scales 𝑀Pl ≥ 𝑀𝑠 > 2.1𝑚𝑁

(
𝑀Pl
eV

)1/2
∼ 1014 𝑚𝑁 .

Hence, for the range of 𝑚𝑁 ≳ 105 GeV of the leptogenesis model of [7–10], this is excluded, as
it would imply 𝑀𝑠 larger than 𝑀Pl. Heavier axion masses are of course allowed in such models,
which points to different than misalignment mechanisms for the production of such axions.

Another reason for preference in such large string scales comes from the stability of the vacuum
of models with heavy RHN. Indeed, the ground state (vacuum) of the effective potential (29) is in
general metastable. In [51], estimates of the life time 𝜏 of the false vacuum have been derived,
using the well-known method of bounces [59–61], with the result that

𝜏

𝑇𝑈
∼ (𝑚𝑁𝑇𝑈)−4 exp( 8𝜋2

3|𝜆 (𝐸 )
eff (𝜂, 𝜇 = 𝑚𝑁 ) |

) ≃ 6.5 × 10−240
(𝑀Pl

𝑚𝑁

)4
exp

[ 8𝜋2

51.9

( 𝑓𝑏

𝑚𝑁

)4]
≃ 1.6 × 10−185 exp

[
1.5

( 𝑓𝑏

𝑚𝑁

)4]
, (35)

where we took into account that the Age of the Universe 𝑇𝑈 ∼ 1.6 × 1060 𝑀−1
Pl , and in the last line

we have fixed 𝑚𝑁 ∼ 105 GeV, using the model of leptogenesis of [7–10], for concreteness, which
the StRVM is compatible with. To arrive at the above formula, we have represented the interaction
part of the effective potential (29) in Minkowski spacetime as [51]

𝑉 int
eff [𝑏] ≃ 𝜆eff (𝑏, 𝜇)

4
𝑏4 , 𝜆eff (𝑏, 𝜇) ≡

26 𝑚4
𝑁

𝑓 4
𝑏

[5
6
− ln(

𝑚2
𝑁

𝜇2 ) − 4
3 𝑓 2

𝑏

𝑏2
]
, (36)

and then passed onto Euclidean (E)) formalism, as required in the standard treatment of bounces [59–
61], by reversing the sign of the effective coupling 𝜆eff → 𝜆

(E)
eff = −𝜆eff . The quantity 𝜂 appearing in

(35) corresponds to the position of the local unstable maxima of the Euclidean effective potential,
at 𝑏 = ±𝜂. From the result (35) we observe that for 𝑓𝑏 ∼ 𝑚𝑁 , the vacuum is highly unstable, while
stability is significantly reinforced in models with 𝑚𝑁 ≪ 𝑓𝑏, such as those in [7–10], in which
cases the life time of the vacuum is significantly higher (by several orders of magnitude) than the
Universe Age.

14



Torsion-induced axions in string theory,
quantum gravity and the cosmological tensions Nick E. Mavromatos

As a last, but not of least importance, topic we now come to discuss the rôle of (weak)
quantum-gravity corrections in the current cosmological era, where the universe enters again a de-
Sitter-like phase. Considering path integration at one loop for graviton fluctuations around a de Sitter
cosmological spacetime background, yields in the modern era [11, 62] a modified gravity effective
theory, with logarithmic corrections in the Hubble parameter of the form 𝐻2 ln(𝐻), which modify
the 𝐻2 terms coming from the Einstein-Hilbert scalar curvature term. Specifically, as discussed in
detail in [11] (and references therein, where we refer the interested reader for details), the one-loop
quantum gravity corrections in the late Universe, about approximately de Sitter spacetimes, may be
parametrised by the effective action:

𝑆 = −
∫

𝑑4𝑥
√−𝑔

[
𝑐0 + 𝑅

(
𝑐1 + 𝑐2 ln

(
𝑅

𝑅0

))]
+ 𝑆𝑚 , (37)

where 𝑅0 = 12 𝐻2
0 is the de Sitter curvature scalar today, and 𝑆𝑚 is a matter/radiation action. The

parameter 𝑐1 = 1/(2𝜅2) + 𝛿𝑐1, and 𝛿𝑐1 describes quantum-graviton corrections to the Newton’s
constant. The sign of 𝛿𝑐1 may be negative. Unitarity in the gravity sector requires 𝑐1 > 0 in
our conventions, which is guaranteed due to the weakness of the quantum-gravity corrections.
The important point in the analysis of [11] is that the logarithmic term can contribute towards
the alleviation of both types of cosmological tensions in the current data, that is 𝐻0 and growth-
of-structure tensions [63]. An analysis of this class of StRVM, fitting the model to the currently
available cosmological data, that is CMB, supernovae, Baryon Acoustic Oscillations and cosmic
chronometers, has been given in ref. [11], where we refer the interested reader for details. Both
types of cosmological tensions can be alleviated simultaneously, by selecting appropriate values for
the relevant parameters, which notably are consistent with those obtained through BBN analysis in
[64]. The presence of the logarithmic curvature corrections in (37) are crucial to this effect.

We also remark for completion that, in the context of the StRVM, one can make the specific
assumption [11] that the supergravity contributions, corresponding to a primordial supersymmetry
breaking scale

√︁
| 𝑓 |, which are responsible for a negative value of the bare cosmological constant

− 𝑓 2 < 0 (as required by supersymmetry [65]), dominate all the quantum-graviton-induced loga-
rithmic corrections to the energy density from the primordial to the current era. In that case, one
obtains [5, 62]:

𝑐1 − 𝑐2 ln(𝜅2 𝐻2
0) =

1
2𝜅2

[
1 + 1

2
𝜅4 𝑓 2

(
0.083 − 0.049 ln(3𝜅4 𝑓 2)

)]
,

𝑐2 = −0.0045 𝜅2 𝑓 2 < 0 . (38)

We then constrain the constants 𝑐1, 𝑐2 from data [11], in order to alleviate simultaneously the 𝐻0

and growth tensions. The situation is summarised in figure 3, for the values of the dimensionless
parameters

| 𝑐2

𝑐1 + 𝑐2
| = 9 × 10−3 𝜅4 𝑓 2 ≲ O(10−7) , 2𝜅2 (𝑐1 + 𝑐2) = 0.924 ± 0.017 . (39)

This yields the following estimate on the magnitude of
√︁
| 𝑓 |,√︁

| 𝑓 |𝜅 ∼ 10−5/4 ≲ 1 , (40)
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Figure 3: The alleviation of the 𝐻0 and growth tensions in StRVM, upon the inclusion of graviton quantum
fluctuations at one-loop order in modern eras (see (37)). Here we quantify the amplitude of the matter power
spectrum at linear scales by means of the root-mean-square mass fluctuations at length scales of 12 Mpc,
that is, the parameter 𝜎12 = 𝜎(𝑟 = 12 Mpc) . The reasons why 𝜎12 is a more appropriate parameter than
𝜎8 = 𝜎(𝑟 = 8ℎ−1Mpc) for the phenomenology of the StRVM are explained in [11], which this figure is taken
from. The ΛCDM predictions are depicted in orange colour.

which in turn implies a sub-planckian (but close to the reduced Planck) scale for the primordial
dynamical supergravity breaking. This is consistent with the transplanckian censorship conjecture
(that is, broadly speaking, the assumption that no physical scale exceeds the Planck scale).

From (38), one also observes that such values are consistent with the perturbative deviations of
𝑐1 from the (3+1)-dimensional gravitational constant 1/(2𝜅2), despite the tiny value of the quantity
𝜅2𝐻2

0 = O(10−122) ≪ 1. We also note that the quantum-graviton-induced corrections during
the RVM inflationary eras, which assume the form 𝐻4 ln 𝐻, do not affect the order of magnitude
estimates of the GW-induced condensate of the gCS terms that lead to RVM inflation [5], and,
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hence, the mechanism for inflation discussed in [4, 5] and reviewed here.

4. Conclusions and outlook

In this talk, we have discussed the various rôles axions that characterise string-inspired cos-
mological models can play in various epochs of the Universe. Specifically, we have seen how
axions from the massless gravitational multiplet of strings, can lead to RVM-like inflation, through
their interactions with gravitational CS terms, upon condensation of the latter due to primordial
chiral GW. Moreover, the so-induced, linear in cosmic time, axion backgrounds survive the exit
from the inflationary era and remain intact into the early radiation cosmological epoch. In theo-
ries with massive right-handed neutrinos, then, such axion backgrounds cause leptogenesis, which
through B-L conserving sphaleron processes in the standard model sector of the theories, can lead
to baryogenesis, and thus matter-antimatter asymmetry in the Universe.

In addition to the above rôle, axions in strings can also play that of the dominant components
of dark matter. The KR axion, which during inflation is massless, can acquire a non trivial mass
during early radiation era, in an epoch where QCD instanton effects are dominant. The latter
can generate periodic structures in the KR axion potential, through its interactions with the chiral
anomaly of the SU(3) colour group, which are generated after the RVM inflation in the StRVM [27].
There is, however, an alternative mechanism for generating KR axion masses, which proceeds via
the effective action after integration of heavy Majorana RHN that may characterise the matter
quantum-field theory models after the RVM inflation. The presence of the RHN mass breaks the
axion shift-symmetry explicitly, with the result that the effective action obtained after the heavy
RHN path-integration contains axion mass terms. The vacuum in such effective field theories is
metastable. However, for relatively large string scales 𝑀𝑠, determined by the magnitude of the RHN
mass, the life time of this vacuum is several orders of magnitude longer than the observable Universe
age. The UV cutoff scale for the validity of the effective action is the mass of the heavy RHN. The
latter could also acquire their masses radiatively, as already mentioned in the previous section, via
their non-perturbatively generated shift-symmetry breaking coupling with the KR axions, as well
as their gravitational coupling to the gCS term, according to the mechanism proposed in [50].

There are several aspects of the approach that can still be checked, either for theoretical
consistency or in observational cosmic searches. One particularly interesting aspect is the rôle
of the logarithmic in the Hubble parameter H corrections on primordial eras, after the exit from
inflation, where PBHs are produced. As recently argued in [66], one obtains severe restrictions on
the values of the coefficients of these logarithmic terms, in order to avoid overproduction of such
PBHs. The required upper bound of these coefficients lie several orders of magnitude below the
corresponding values required for the the alleviation of the cosmological tensions in the modern
era, as discussed at the end of the previous section 3 (cf. fig. 3). The origin of such restrictions is
associated with the presence of the so-called scalaron mass, that is the mass of the extra polarisation
mode that exist in modified gravity 𝑓 (𝑅) theories, such as the RVM with quantum-graviton-
induced logarithmic curvature corrections. On the assumption that such a mode is physical, one
should impose the restriction that, if it exists, its mass should be less than the Planck-mass scale, in
order for the transplanckian censorship hypothesis to be respected. This leads to the aforementioned
constraints. The interpretation of such a rather unexpected result, is that: (i) either the assumption
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that the scalaron mode is a physical mode is false, and in fact in this respect we mention that
the General Relativity limit corresponds to an infinite mass (non-propagating) scalaron, in which
case there are no restrictions on the logarithmic terms from PBH-dominant era, or (ii) while the
scalaron mass is physical, nonetheless the form of the quantum-gravity corrections in the PBH
dominant era, is not logarithmic, but rather suppressed, due to the fact that such epochs constitute
a strong-gravity regime, far from a de-Sitter era, for which the logarithmic corrections have been
derived analytically, in a weak (one-loop)-quantum-gravity setting [11, 65, 67]. One should derive
the quantum-graviton effects for the PBH era, if possible, and then compare to data. Moreover,
given that the PBH overproduction can occur in early matter dominated eras of the Unvierse, in
such regimes one should also examine the logarithmic terms in H that arise from quantum-matter
corrections, along the lines of [68–71].

Another issue worthy of further study within the StRVM framework is the better understanding
of its late cosmological eras, especially the origin of the (observed) dark energy dominant com-
ponent in the energy budget of the current-era Universe. Given that the StRVM is embeddable
in concrete string-theory models, which are UV complete theories, including quantum gravity, it
should be compatible with the swampland conjectures [34–37]. Hence, any term that resembles
a cosmological constant, which according to the observations, seem to characterise the current
era, should be metastable, characterised by a finite lifetime, and thus disappearing asymptotically
in time. This would allow compatibility of the approach with both, the swampland criteria of
non-perturbative string theory, and perturbative strings, given that such metastable dark energy
terms would be compatible with the existence of proper asymptotically well-defined perturbative
scattering matrices [72, 73].

We mention for completeness at this point that metastable dark energy in the current epoch also
characterises [74] non-critical (Liouville) string cosmologies [75], which are thus compatible with
the existence of a well-defined scattering matrix. It is also explicitly known that Liouville-string
cosmologies in the presence of brane space-time defects [76] can be characterised by a de-Sitter
type equation of state despite a mild time dependence on the effective cosmological energy density
Λ(𝑡) of their vacua in the current era. This is in similar spirit to the situation that characterises
the RVM approach to cosmology. The time dependence of the vacuum energy in such brane/string
models arises as a result of the recoil of the brane defects during their scatterings with “string
matter”. This induces a non-criticality of the underlying string theory [76]. Although in the way
initially formulated [4, 5], there is no non-trivial dilaton configuration in the StRVM, unlike the
non-critical string cosmologies [75], and thus one is tempted to conclude that there is no obvious
connection between the two approaches, nonetheless one might dare of speculating that there might
be a hidden formal relation with non-critical strings worthy of further exploration, in view of the
StRVM metastable-condensate contributions to the dark energy. The above issues, among others,
are actively pursued at the moment, and we hope that we shall be able to report some results soon.
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