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0. Outline



1. Motivation: puzzles in modern cosmology, axions as dark matter (DM) 

2. Gravitational origin of (axion) DM:  axions from torsion in geometry ?   

3. String-Inspired Gravitational Theory with Torsion & Grav. Anomalies:    

(i) Axions in strings (``torsion’’- & compactification- induced)  and anomalies

(ii) Primordial Gravitational Waves (GW) & induced Condensates of Grav. Anomalies,

(iii) Running Vacuum Cosmology (RVM) with inflation without  external inflatons

4.    Post-inflationary eras: Spontaneous Lorentz and CPT-Violation by axion     
backgrounds & Leptogenesis à geometric origin of Matter-antimatter asymmetry;
(Meta) Stability of the (leptogenesis) Vacuum

5.    Modern-era: cosmological tensions and stringy RVM

6.   Conclusions & Outlook
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1. Motivation



Planck2018 data

Simplest model based 

on ΛCDM works OK

for  large scales

<latexit sha1_base64="C8Ez3d2s+gDGQQMShodxh3ZKc4k="></latexit>

Rµ⌫ � 1

2
gµ⌫ R� gµ⌫ ⇤ = 8⇡GTµ⌫

Tµ⌫ 3 Cold Dark Matter

Also Einstein’s GR explains 
sufficiently well
Black-Hole Mergers + GW
(since 2015 LIGO), 
Black-Hole `photographs’ (EHT),...

+ SnIa, BaO, Lensing 

Important (> last 20 yrs) Discoveries in Cosmology/Astronomy 
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What still we do not know/did not 
observe:

Nature of Dark Energy 
Nature of Dark matter

Primordial Gravitational Waves 
(through detection of B-mode 
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Microscopic models of Inflation
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ΛCDM appears   
to be in tension with 

local measurements of 
present-era H0 

& also galaxy-growth 
data ?
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Black Holes (of DM type?) 

σ8 = current matter 
density rms
fluctuations 
within spheres
of radius 8h-1 (h= H0/100 = 
reduced Hubble constant)



Microscopic
understanding of
Matter/Antimatter
asymmetry in the

Universe?

Baryon density in the Universe:

From CMB (Planck 2018 data)
Ωb h2=0.0224±0.0001

From Big Bang Nucleosynthesis 
Ωb  h2=0.0214±0.002

Baryon vs anti-baryon densities The Baryon Asymmetry 

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11 T > 1 GeV

s = entropy density 
of Universe 



Baryon number violation 

C-violation

and CP violation

Departure from thermodynamic 
equilibrium (non-stationary 

system) 

CP |particle> = |anti-particle>
Need new physics beyond the SM à

new sources of CP violation?

CPT conservation

assumed

Attempts at Explanation of Baryon Asymmetry 
– Sakharov ‘s Conditions
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a à γγ
Prmakoff-process:
Axion-photon 
conversion in the  
presence of magnetic 
field 
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QCD

Shift symmetry breaks to 
Periodicity a/fa --> a/fa + 2π
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Phys. Rept. 643, 
(2016)[arXiv:1510.076
33  [astro-ph.CO]].

Cosmological
Constraints
& probes of 
axion-like-
partivcles

(ALP) C. B. Adams et al., 
in Snowmass 2021 (2022), 
arXive: 2203.14923

gaγγ = fa-1

axion 
couplin
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Credit: Inst. for Basic Science
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I will argue that: 

observed matter-antimatter asymmetry 

can be linked with 

Microscopic string-inspired models of Cosmology with ANOMALIES, 
primordial gravitational waves and induced spontaneous 
(through gravitational anomaly condensates) Lorentz + CPT Violation

+  

geometric torsion interpretation of axion Dark matter 

Range of ALPs mass  

in such a case?

This Talk

QG



I will argue that: 

observed matter-antimatter asymmetry 

can be linked with 

Microscopic string-inspired models of Cosmology with ANOMALIES, 
primordial gravitational waves and induced spontaneous 
(through gravitational anomaly condensates) Lorentz + CPT Violation

+  

Effects of QG in alleviating cosmological tensions today!

This Talk

QG



2. Geometrical origin
of axion Dark matter



A Geometric Origin of (axion) Dark Matter?



Torsion in spacetime?

or teleparallel gravity (only torsion)

A Geometric Origin of (axion) Dark Matter?



Torsion 2-form

Generalised curvature 2-form

Contorted
Spin connection

Metricity postulate Breaks down if torsion present

contorsion

Example of Einstein-Cartan theory : QED with Torsion
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Torsion 2-form

Generalised curvature 2-form

Contorted
Spin connection

Metricity postulate Breaks down if torsion present

contorsion

Torsion-free

Example of Einstein-Cartan theory : QED with Torsion
<latexit sha1_base64="m/z5zlhLcrdQvdyO52YZThojo3M=">AAACHXicbVDLSgMxFM3UV62vUZdugkVwIWVG6mMjFN24rGAf0BeZ9LYNzWSGJCOUYX7Ejb/ixoUiLtyIf2Nm2oW2Xgg595xzSe7xQs6UdpxvK7e0vLK6ll8vbGxube/Yu3t1FUSSQo0GPJBNjyjgTEBNM82hGUogvseh4Y1vUr3xAFKxQNzrSQgdnwwFGzBKtKF6dnnYi9t+1BZRgq8wdIlpT7BhkvQCbXripRi6Xiplxp5ddEpOVngRuDNQRLOq9uzPdj+gkQ9CU06UarlOqDsxkZpRDkmhHSkICR2TIbQMFMQH1Ymz7RJ8ZJg+HgTSHKFxxv6eiImv1MT3jNMneqTmtZT8T2tFenDZiZkIIw2CTh8aRBzrAKdR4T6TQDWfGECoZOavmI6IJFSbQAsmBHd+5UVQPy2556Wzu3Kxcj2LI48O0CE6Ri66QBV0i6qohih6RM/oFb1ZT9aL9W59TK05azazj/6U9fUD9s2hOQ==</latexit>

gµ⌫ = eaµ ⌘ab e
b
⌫

vielbein



fermions
contorsion

Example of Einstein-Cartan theory : QED with Torsion



fermions
contorsion

Example of Einstein-Cartan theory : QED with Torsion



fermions
contorsion

Example of Einstein-Cartan theory : QED with Torsion

4-d dual of Torsion



fermions
contorsion

<latexit sha1_base64="q9ay0vqARmCrLcHloRUhV/EX1qU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5oHZJcxOepMhs7PLzKwQQv7CiwdFvPo33vwbJ8keNFrQUFR1090VpoJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8nvqtR1SaJ/LejFIMYtqXPOKMGis93HX9VHPiS94tV9yqOwP5S7ycVCBHvVv+9HsJy2KUhgmqdcdzUxOMqTKcCZyU/ExjStmQ9rFjqaQx6mA8u3hCjqzSI1GibElDZurPiTGNtR7Foe2MqRnoRW8q/ud1MhNdBmMu08ygZPNFUSaIScj0fdLjCpkRI0soU9zeStiAKsqMDalkQ/AWX/5LmidV77x6dntaqV3lcRThAA7hGDy4gBrcQB0awEDCE7zAq6OdZ+fNeZ+3Fpx8Zh9+wfn4BiLykJU=</latexit>

S 3
<latexit sha1_base64="JckP2F9JynwzYxzZjBDnFjNuvXw=">AAACH3icbVBNS8MwGE7n15xfVY9egkPwIKMVN70IQy/iaYL7gLWONEu3sKQtSSqMsn/ixb/ixYMi4m3/xrSroJsPBJ48z/u+yft4EaNSWdbUKCwtr6yuFddLG5tb2zvm7l5LhrHApIlDFoqOhyRhNCBNRRUjnUgQxD1G2t7oOvXbj0RIGgb3ahwRl6NBQH2KkdJSz6zdPjg8hpfQCXVZOiVxIkkn0BkgzlFmOic/t2rGtd8zy1bFygAXiZ2TMsjR6JlfTj/EMSeBwgxJ2bWtSLkJEopiRiYlJ5YkQniEBqSraYA4kW6S7TeBR1rpQz8U+gQKZurvjgRxKcfc05UcqaGc91LxP68bK//CTWgQxYoEePaQHzOoQpiGBftUEKzYWBOEBdV/hXiIBMJKR1rSIdjzKy+S1mnFrlWqd2fl+lUeRxEcgENwDGxwDurgBjRAE2DwBF7AG3g3no1X48P4nJUWjLxnH/yBMf0GPUah2Q==</latexit>

Jµ =  �µ �5  Axial current

Example of Einstein-Cartan theory : QED with Torsion

4-d dual of Torsion

Universal, all fermion species



fermions
contorsion

<latexit sha1_base64="q9ay0vqARmCrLcHloRUhV/EX1qU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5oHZJcxOepMhs7PLzKwQQv7CiwdFvPo33vwbJ8keNFrQUFR1090VpoJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8nvqtR1SaJ/LejFIMYtqXPOKMGis93HX9VHPiS94tV9yqOwP5S7ycVCBHvVv+9HsJy2KUhgmqdcdzUxOMqTKcCZyU/ExjStmQ9rFjqaQx6mA8u3hCjqzSI1GibElDZurPiTGNtR7Foe2MqRnoRW8q/ud1MhNdBmMu08ygZPNFUSaIScj0fdLjCpkRI0soU9zeStiAKsqMDalkQ/AWX/5LmidV77x6dntaqV3lcRThAA7hGDy4gBrcQB0awEDCE7zAq6OdZ+fNeZ+3Fpx8Zh9+wfn4BiLykJU=</latexit>

S 3

Example of Einstein-Cartan theory : QED with Torsion

4-d dual of Torsion

Include Scalar-
Curvature terms

<latexit sha1_base64="JC1uqTGZrDl60F0qTkG/3BRShiE=">AAACC3icbVDLSgMxFL1TX7W+qi7dhBZBEMqM+FoWXeiyon1AZxgyaaYNzWSGJCOU0r0bf8WNC0Xc+gPu/BvTdha19UDg5Jx7ufeeIOFMadv+sXJLyyura/n1wsbm1vZOcXevoeJUElonMY9lK8CKciZoXTPNaSuRFEcBp82gfz32m49UKhaLBz1IqBfhrmAhI1gbyS+W3AjrHsEc3fs36BjNfN1EMeQK5hfLdsWeAC0SJyNlyFDzi99uJyZpRIUmHCvVduxEe0MsNSOcjgpuqmiCSR93adtQgSOqvOHklhE6NEoHhbE0T2g0UWc7hjhSahAFpnK8qpr3xuJ/XjvV4aU3ZCJJNRVkOihMOdIxGgeDOkxSovnAEEwkM7si0sMSE23iK5gQnPmTF0njpOKcV87uTsvVqyyOPBxACY7AgQuowi3UoA4EnuAF3uDderZerQ/rc1qas7KeffgD6+sX/52Zxg==</latexit>

SG + S 3



5
Quantum chiral anomalies  à

<latexit sha1_base64="QtEGN8e9ThAfYNv3Q47/T2ph8Pw=">AAACBXicbZDLSsNAFIZPvNZ6q7rUxWARxEVJxNuy6EZcVbAXaEKZTCbt0MkkzEyEErpx46u4caGIW9/BnW/jpK2grT8MfPznHOac3084U9q2v6y5+YXFpeXCSnF1bX1js7S13VBxKgmtk5jHsuVjRTkTtK6Z5rSVSIojn9Om37/K6817KhWLxZ0eJNSLcFewkBGsjdUp7bkR1j0/RAE6Qj98g1xBkY06pbJdsUdCs+BMoAwT1TqlTzeISRpRoQnHSrUdO9FehqVmhNNh0U0VTTDp4y5tGxQ4osrLRlcM0YFxAhTG0jyh0cj9PZHhSKlB5JvOfE81XcvN/2rtVIcXXsZEkmoqyPijMOVIxyiPBAVMUqL5wAAmkpldEelhiYk2wRVNCM70ybPQOK44Z5XT25Ny9XISRwF2YR8OwYFzqMI11KAOBB7gCV7g1Xq0nq03633cOmdNZnbgj6yPb0K+loA=</latexit>

d ⇤ J 6= 0

Add counterterms (order bny order in perturbation theory) 
to ensure                  & thus  conservation of torsion charge 

Path integral over torsion d.o.f.

Lagrange 
Multiplier  Φ
(pseudoscalar)

Torsion & Axion-like d.o.f.

Classical torsion equation of motion

If J5 conserved



5
Quantum chiral anomalies  à

<latexit sha1_base64="QtEGN8e9ThAfYNv3Q47/T2ph8Pw=">AAACBXicbZDLSsNAFIZPvNZ6q7rUxWARxEVJxNuy6EZcVbAXaEKZTCbt0MkkzEyEErpx46u4caGIW9/BnW/jpK2grT8MfPznHOac3084U9q2v6y5+YXFpeXCSnF1bX1js7S13VBxKgmtk5jHsuVjRTkTtK6Z5rSVSIojn9Om37/K6817KhWLxZ0eJNSLcFewkBGsjdUp7bkR1j0/RAE6Qj98g1xBkY06pbJdsUdCs+BMoAwT1TqlTzeISRpRoQnHSrUdO9FehqVmhNNh0U0VTTDp4y5tGxQ4osrLRlcM0YFxAhTG0jyh0cj9PZHhSKlB5JvOfE81XcvN/2rtVIcXXsZEkmoqyPijMOVIxyiPBAVMUqL5wAAmkpldEelhiYk2wRVNCM70ybPQOK44Z5XT25Ny9XISRwF2YR8OwYFzqMI11KAOBB7gCV7g1Xq0nq03633cOmdNZnbgj6yPb0K+loA=</latexit>

d ⇤ J 6= 0

Add counterterms (order bny order in perturbation theory) 
to ensure                  & thus  conservation of torsion charge 

Path integral over torsion d.o.f.

Lagrange 
Multiplier  Φ
(pseudoscalar)

Torsion & Axion-like d.o.f.

Classical torsion equation of motion

If J5 conserved

Integrate out torsion S 
(non-propagating field)

Axion coupling 
parameter



Partially integrate

Torsion & Axion-like d.o.f.



Axion coupling 
parameter

Partially integrate

Can add counterterms so that 
only torsion-free spin connection 
ω appears in the Anomaly

Repulsive four-fermion
Characterisrtic of 

Einstein-Cartan theories

Torsion & Axion-like d.o.f.



Non-Abelian 

Axion coupling 
parameter

Partially integrate

Can add counterterms so that 
only torsion-free spin connection 
ω appears in the Anomaly

Non-Abelian Gauge group Instantons can lead to potential 

à massive (mφ = Λinst2/fφ ) torsion-induced axion
GEOMETRIC ORIGIN OF AXION DM?

<latexit sha1_base64="IGk1DLgigixenVSjTQwFjLj8Zws="></latexit>

V (�) = ⇤4
inst

⇣
1� cos(�/fb)

⌘

Torsion & Axion-like d.o.f.

φ

Non Abelian

<latexit sha1_base64="zK2FOiRreiDVw0o0JH5j+Xdhm08="></latexit>

�↵s
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To Recapitulate

torsion

Geometric origin

duality

Non-perturbative
Axion mass

Bianchi 
identity

Coupling
to chiral
anomalies



3. String-Inspired Gravitational 
Theory with 

Torsion & Grav. Anomalies



3(i). Two kinds of Axions in
String theories:

(a) String-model independent
(``Torsion’’- induced)

&
(b) Compactification- induced 

Axions  
& 

Anomalies



String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  

<latexit sha1_base64="k8bqRMyb55CaQ7VQTKCI/lxNlO0="></latexit>

gµ⌫ = g⌫µ , spin = 2 (graviton)

� , spin = 0 (dilaton) ,

Bµ⌫ = �B⌫µ , spin = 1 (Kalb� Ramond (KR) field)

Gauge symmetry in closed string sector  Bμν à Bμν + 𝜕𝜇 θν − 𝜕ν θμ

Compactified strings

Symmetry of string σ-model vertex operators

<latexit sha1_base64="AuYuj3zwfugCs7yrPmredZnGprU="></latexit>Z

⌃(2)

d2�Bµ⌫✏
AB@AX

µ@BX
⌫ , A,B = 1, 2

world 
sheet Gross and Sloan, Metsaev and Tseytlin

String-Model Independent Axion NEM, 
+ Basilakos, Solà,
Sarkar, 



String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  

<latexit sha1_base64="k8bqRMyb55CaQ7VQTKCI/lxNlO0="></latexit>

gµ⌫ = g⌫µ , spin = 2 (graviton)

� , spin = 0 (dilaton) ,

Bµ⌫ = �B⌫µ , spin = 1 (Kalb� Ramond (KR) field)

Gauge symmetry in closed string sector  Bμν à Bμν + 𝜕𝜇 θν − 𝜕ν θμ

Effective target-spacetime gravitational  action depends on the field strength :                    
Hμνρ = 𝜕 [ μ Β νρ]

Compactified strings



String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  

<latexit sha1_base64="k8bqRMyb55CaQ7VQTKCI/lxNlO0="></latexit>

gµ⌫ = g⌫µ , spin = 2 (graviton)

� , spin = 0 (dilaton) ,

Bµ⌫ = �B⌫µ , spin = 1 (Kalb� Ramond (KR) field)

Gauge symmetry in closed string sector  Bμν à Bμν + 𝜕𝜇 θν − 𝜕ν θμ

Effective target-spacetime gravitational  action depends on the field strength :                    
Hμνρ = 𝜕 [ μ Β νρ]

Chern-Simons terms
Gravitational               gauge  

Compactified strings

α’ = Regge slope = Ms-2

κ2 =  8π G = 4d grav. constant

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ Ω 3Yμνρ )_



Compactified strings

String effective action (lowest order in Regge slope)

String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )



Compactified strings

Totally antisymmetric
torsion

String effective action (lowest order in Regge slope)

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )

String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  



Compactified strings

Totally antisymmetric
torsion

String effective action (lowest order in Regge slope)

Torsion à axion-like d.o.f. (as in CONTORTED QED)

String-model independent axion
Svrcek-Witten

String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )



Compactified strings

Totally antisymmetric
torsion

String effective action (lowest order in Regge slope)

Torsion à axion-like d.o.f. (as in CONTORTED QED)

String-model independent axion
Svrcek-Witten

String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:  

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )

NB: Torsi
on inter

pretatio
n

valid only up
 to & includi

ng

O(α’) effect
ive acti

on but 

dynamics of m
odel-

indepen
dent ax

ion valid

Bianchi identity constraint



Compactified strings
Bianchi identity constraint

Implementation via axion-like Lagrange multiplier field b(x)   

String-inspired gravitational theories with torsion and anomalies

NEM, 
+ Basilakos, Solà,
Sarkar, Massless gravitational (bosonic) string multiplet:  

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )



Compactified strings
Bianchi identity constraint

Implementation via axion-like Lagrange multiplier field b(x) 
Integration of non-propagating H field  

String-inspired gravitational theories with torsion and anomalies

NEM, 
+ Basilakos, Solà,
Sarkar, 

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )

Massless gravitational (bosonic) string multiplet:  



Compactified strings
Bianchi identity constraint

Massive axions through
Non-Abelian gauge group
Instantons 

String-inspired gravitational theories with torsion and anomalies

NEM, 
+ Basilakos, Solà,
Sarkar, 

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )

Massless gravitational (bosonic) string multiplet:  



Compactified strings
Bianchi identity constraint

Massive axions through
Non-Abelian gauge group
Instantons GEOMETRIC ORIGIN OF AXION DM

Geometric origin of stringy axion DM

String-inspired gravitational theories with torsion and anomalies

NEM, 
+ Basilakos, Solà,
Sarkar, 

String theory: Green-Schwarz mechanism for anomaly cancellation:
Hμνρ = 𝜕 [ μ Β νρ] + (α’/κ) (Ω3Lμνρ

_ Ω 3Yμνρ )

Massless gravitational (bosonic) string multiplet:  



Compactified strings

Svrcek-Witten

String-inspired gravitational theories with torsion and anomalies

Model-d
epend

ent 

AXIONS IN 

STRINGS FRO
M 

COMPACTIFIC
ATION

Ci = 2-cycle

axions

Co-exist with 
String-model 
independent axion

à

Compact
manifold

1-loop Green-Schwarz anomaly-cancellation
in. e.g, Heterotic strings

e.g. zero modes βi of KR 
B-field over compact manifold



Compactified strings

Svrcek-Witten

String-inspired gravitational theories with torsion and anomalies

e.g. zero modes βi of KR 
B-field over compact manifold

Ci = 2-cycle

axions

Co-exist with 
String-model 
independent axion

1-loop Green-Schwarz anomaly-cancellation
in. e.g, Heterotic strings

à

Compact
manifold Axion

coupling

Model-d
epend

ent 

AXIONS IN 

STRINGS FRO
M 

COMPACTIFIC
ATION

Typical values
Fb = O(1017) GeV



Compactified strings

Svrcek-Witten

String-inspired gravitational theories with torsion and anomalies

e.g. zero modes βi of KR 
B-field over compact manifold

Ci = 2-cycle

axions

Co-exist with 
String-model 
independent axion

1-loop Green-Schwarz anomaly-cancellation
in. e.g, Heterotic strings

à

Compact
manifold Axion

coupling

Model-d
epend

ent 

AXIONS IN 

STRINGS FRO
M 

COMPACTIFIC
ATION

Typical values
Fb = O(1017) GeV
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Axions in
Spectrum

(i) From compactification

(ii) From KR field strength
(4-d dual KR axion)

Geometric origin of 
(part of) stringy 

axion DM

String-inspired gravitational theories with torsion

Compactified strings

( )
torsion

To Recapitulate



Axions in
Spectrum

(i) From compactification

(ii) From KR field strength
(4-d dual KR axion)

Geometric origin of 
(part of) stringy 

axion DM

String-inspired gravitational theories with torsion

Compactified strings

( )
torsion

To Recapitulate
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Inclusion of Fermions

Axial Current

p
3

<latexit sha1_base64="oqdvjR+KxlHk16ZhEe4hJuXjIsM=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xkUcCGzI7DDBhdnaZ6TUhG37CiweN8ervePNvHGAPClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+weFR8fikaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY38391hPXRkTqEacx90M6VGIgGEUrtbtmojGtznrFklt2FyDrxMtICTLUe8Wvbj9iScgVMkmN6XhujH5KNQom+azQTQyPKRvTIe9YqmjIjZ8u7p2RC6v0ySDSthSShfp7IqWhMdMwsJ0hxZFZ9ebif14nwcGNnwoVJ8gVWy4aJJJgRObPk77QnKGcWkKZFvZWwkZUU4Y2ooINwVt9eZ00K2WvWq48XJVqt1kceTiDc7gED66hBvdQhwYwkPAMr/DmTJwX5935WLbmnGzmFP7A+fwBRuOQHw==</latexit>

cf. classically in 4 dim: 

torsion

All fermion species

or Majorana

cf. classically in 4 dim:
(duality relationship) 



KR-axion anomalous 
CP-Violating interaction

Inclusion of Fermions

Axial Current

p
3

<latexit sha1_base64="oqdvjR+KxlHk16ZhEe4hJuXjIsM=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xkUcCGzI7DDBhdnaZ6TUhG37CiweN8ervePNvHGAPClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+weFR8fikaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY38391hPXRkTqEacx90M6VGIgGEUrtbtmojGtznrFklt2FyDrxMtICTLUe8Wvbj9iScgVMkmN6XhujH5KNQom+azQTQyPKRvTIe9YqmjIjZ8u7p2RC6v0ySDSthSShfp7IqWhMdMwsJ0hxZFZ9ebif14nwcGNnwoVJ8gVWy4aJJJgRObPk77QnKGcWkKZFvZWwkZUU4Y2ooINwVt9eZ00K2WvWq48XJVqt1kceTiDc7gED66hBvdQhwYwkPAMr/DmTJwX5935WLbmnGzmFP7A+fwBRuOQHw==</latexit>

cf. classically in 4 dim: 

torsion

All fermion species

or Majorana

cf. classically in 4 dim:
(duality relationship) 



4-fermion contact interaction
characteristic of 

(integrating out) torsion

Inclusion of Fermions

Axial Current

p
3

<latexit sha1_base64="oqdvjR+KxlHk16ZhEe4hJuXjIsM=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xkUcCGzI7DDBhdnaZ6TUhG37CiweN8ervePNvHGAPClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+weFR8fikaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY38391hPXRkTqEacx90M6VGIgGEUrtbtmojGtznrFklt2FyDrxMtICTLUe8Wvbj9iScgVMkmN6XhujH5KNQom+azQTQyPKRvTIe9YqmjIjZ8u7p2RC6v0ySDSthSShfp7IqWhMdMwsJ0hxZFZ9ebif14nwcGNnwoVJ8gVWy4aJJJgRObPk77QnKGcWkKZFvZWwkZUU4Y2ooINwVt9eZ00K2WvWq48XJVqt1kceTiDc7gED66hBvdQhwYwkPAMr/DmTJwX5935WLbmnGzmFP7A+fwBRuOQHw==</latexit>

cf. classically in 4 dim:
(duality relationship) 

torsion

or Majorana

All fermion species



Inclusion of Fermions

Axial Current

p
3

<latexit sha1_base64="oqdvjR+KxlHk16ZhEe4hJuXjIsM=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xkUcCGzI7DDBhdnaZ6TUhG37CiweN8ervePNvHGAPClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+weFR8fikaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY38391hPXRkTqEacx90M6VGIgGEUrtbtmojGtznrFklt2FyDrxMtICTLUe8Wvbj9iScgVMkmN6XhujH5KNQom+azQTQyPKRvTIe9YqmjIjZ8u7p2RC6v0ySDSthSShfp7IqWhMdMwsJ0hxZFZ9ebif14nwcGNnwoVJ8gVWy4aJJJgRObPk77QnKGcWkKZFvZWwkZUU4Y2ooINwVt9eZ00K2WvWq48XJVqt1kceTiDc7gED66hBvdQhwYwkPAMr/DmTJwX5935WLbmnGzmFP7A+fwBRuOQHw==</latexit>

cf. classically in 4 dim:
(duality relationship) 

torsion

Vanishes for Friedmann-Lemaitre-
Roberston-Walker backgrounds

or Majorana

vielbeins



Inclusion of Fermions
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Anomaly terms 

or Majorana

Non-trivial if chiral 
anomalies affect
the conservation 
of axial current
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or gravitons



Gravitational Anomalies & Diffeomorphism Invariance  

Topological,
does NOT
contribute to
stress tensor

Spoils conservation
of stress tensor 
(diffeomorphism
invariance affected
in quantum theory)

Z
d4x

p
�g b(x)
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Einstein’s equation

Gravitational Anomalies & Diffeomorphism Invariance  

Diffeomoprphism
invariance breaking by

gravitational anomalies? 
2Tµ⌫

matter ;µ = Cµ⌫
;µ 6= 0
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Einstein’s equation

Gravitational Anomalies & Diffeomorphism Invariance  

Conserved Modified 
stress-energy 

tensor 
2Tµ⌫

matter ;µ = Cµ⌫
;µ 6= 0
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3(ii). Primordial Gravitational
Waves, Anomaly condensates
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Role in Late Universe 
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All fermion species

Anomaly terms 

or Majorana

Chiral-matter-induced
Gravitational anomalies

may cancel their 
primordial counterparts

in post-RVM-inflationary eras
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The Cosmology of the Model @ a glance 

KR axion
dominance

GW + Grav. 
Anomalies
dominance

Chiral matter
Generation + cancellation
of grav. Anomalies

Leptogenesis à Baryogenesis 
(LV + CPTV KR axion backgrounds) 

NEM,Sola
EPJ-ST 
(2020) 

`

Chiral anomalies
Remain in matter era

KR axion mass generation through 
QCD instantons (Dark Matter)

NEM, Sarkar
+ De Cesare, 
Bossingham

Broken
SUGRA

ß Only gravitational  d.o.f present à

(close
to MPl)



The Cosmology of the Model @ a glance 

KR axion
dominance

GW + Grav. 
Anomalies
dominance

Chiral matter
Generation + cancellation
of grav. Anomalies

Leptogenesis à Baryogenesis 
(LV + CPTV KR axion backgrounds) 

NEM,Sola
EPJ-ST 
(2020) 

`

Chiral anomalies
Remain in matter era

KR axion mass generation through 
QCD instantons (Dark Matter)

NEM, Sarkar
+ De Cesare, 
Bossingham

Broken
SUGRA

ß Only gravitational  d.o.f present à

(close
to MPl)



The Model in Early Universe:
only gravitational d.o.f. (b, gμν, ψμ )

Basilakos, NEM,
Sola (2019-20)

Primordial Gravitational Waves
Potential Origins in pre-inflationary era?

Collapse/collisions of Domain walls formed in 
theories with (approximate) discrete symmetry 

breaking, e.g. via bias in double-well potentials of 
some condensate (gravitino ψμ or gaugino)

NEM,Sola
EPJ-ST 
(2020) 

`

`

Ellis, NEM,
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Lalak, Ovrut,
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Thomas
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SUGRA  broken
gravitino

Condensate
stabilised à

RVM GW-induced Inflation V0 >0
0

Statistical bias (percolation) in 
occupation probabilities of the +,- vacua

<latexit sha1_base64="7BcSTs2mY7YpSuS6mffrsHgUh2A=">AAACIHicbZBNS8MwGMdTX+d8q3r0EhyCBxmtivMiDL14nOBeYK0lzdIuLElLkgpj7KN48at48aCI3vTTmHY76OYDgR//5/8kef5hyqjSjvNlLSwuLa+sltbK6xubW9v2zm5LJZnEpIkTlshOiBRhVJCmppqRTioJ4iEj7XBwnffbD0Qqmog7PUyJz1EsaEQx0kYK7JqnaMwRvIQeQyJmBHqJ8efXQS9VNPB4Br3jgu8LloUtsCtO1SkKzoM7hQqYViOwP71egjNOhMYMKdV1nVT7IyQ1xYyMy16mSIrwAMWka1AgTpQ/KhYcw0Oj9GCUSHOEhoX6e2KEuFJDHhonR7qvZnu5+F+vm+nowh9RkWaaCDx5KMoY1AnM04I9KgnWbGgAYUnNXyHuI4mwNpmWTQju7Mrz0DqpuufV09uzSv1qGkcJ7IMDcARcUAN1cAMaoAkweATP4BW8WU/Wi/VufUysC9Z0Zg/8Kev7B+piotg=</latexit>

� = h µ  
µi

Rol
e o

f (L
oca

l)

Sup
ersy

mmetry



Basilakos, NEM,
Sola (2019-20)

NEM,Sola
EPJ-ST 
(2020) 

`

`

Ellis, NEM,
Alexandre, 

Houston

σ

V(σ)

+
_

SUGRA  broken
gravitino

Condensate
stabilised à

RVM GW-induced Inflation V0 >0
0

First hill-top
inflation

Pre-RVM inflationary phase: superstring/supergravity
Effective action à Imaginary parts à instabilities

First Hill-top inflation = finite life –time à
System tunnels to RVM inflationary vacuum (GW condense)

The Model in Early Universe:
only gravitational d.o.f. (b, gμν, ψμ )



Alexandre
Houston. NEM

N=1 SUGRA & QG effects

Effective action Γ in the presence
οf cosmol. constant Λ  > 0

F=integrating out gravitinos

B=integrating our gravitons (QG)

In cosmological setting we may replace  Λ ~ 3HI 2 for inflation or
More generally Λ ~  3 Η2 (t) for slowly time-varying Η(t)

μ =
RG 
scale
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p(t) = - ρ(t) > 0, H(t) = mild 
variation

UV cutoff~

Only an 
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in effec
tive fie

ld 

theorie
s as it 

depend
s on ph

ysics in
 

UV regime. Hence, f
ull 

string t
heory

computation
 possib

ly

depend
s on inf

inite 

towers of 
Massive 

string s
tates…



The Model in Early Universe:
only gravitational d.o.f. (b, gμν )

quantum ordered

Cosmological-
Constant-likeCondensate < ...> of 

Gravitational Anomalies 

Basilakos, NEM,
Sola (2019-20)`

<latexit sha1_base64="zT5oJwFsG0hvrN8vlz4TQf667V0=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwoSURX+Cm6EZwU8E+oIlhMpm0QycPZiZCCfkKN/6KGxeKuBV3/o2TNAttPcPA4Zx779w5bsyokIbxrVXm5hcWl6rLtZXVtfUNfXOrI6KEY9LGEYt4z0WCMBqStqSSkV7MCQpcRrru6Cr3uw+ECxqFd3IcEztAg5D6FCOpJEc/tIoZKSdeBqELrQMrQHKIEYM391aQOKlS1LlQPIOOXjcaRgE4S8yS1EGJlqN/WV6Ek4CEEjMkRN80YmmniEuKGclqViJIjPAIDUhf0RAFRNhpsVIG95TiQT/i6oYSFurvjhQFQowDV1XmO4tpLxf/8/qJ9M/tlIZxIkmIJw/5CYMygnlG0KOcYMnGiiDMqdoV4iHiCEuVZE2FYE5/eZZ0jhrmaePk9rjevCzjqIIdsAv2gQnOQBNcgxZoAwwewTN4BW/ak/aivWsfk9KKVvZsgz/QPn8AUCyeNA==</latexit>

bKµ
;µ}

(                                                                   )



NEM, Sola

Positive total energy density since Λ-term dominates

`

Equation of state :

0 > ρb + ρgCS = - (pb + pgCS ) cf. phantom ``matter’’

0 < ρΛ = -pΛ à dominates à

0 < ρb + ρgCS + ρΛ = - (pb + pgCS + pΛ) true RVM
vacuum

Dark Energy

(``running
vacuum model
(RVM) type’’)

cf. talk 
by Solà
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˙̄
b / ✏

ijk
Hijk = constant

<     >

K0 = const.
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Spontaneous 
LV (+ CPTV) solution<       >



The Cosmology of the Model @ a glance 

KR axion
dominance

GW + Grav. 
Anomalies
dominance

Chiral matter
Generation + cancellation
of grav. Anomalies

Leptogenesis à Baryogenesis 
(LV + CPTV KR axion backgrounds) 

NEM,Sola
EPJ-ST 
(2020) 
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Chiral anomalies
Remain in matter era

KR axion mass generation through 
QCD instantons (Dark Matter)

NEM, Sarkar
+ De Cesare, 
Bossingham

Broken
SUGRA

ß Only gravitational  d.o.f present à

(close
to MPl)
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Remain in matter era

KR axion mass generation through 
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SUGRA

ß Only gravitational  d.o.f present à

(close
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chiral U(1)         Gluon QCD



Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
Cosmic
Time

Primordial 
Gravitational
Waves 

Gravitational
anomaly (GA)

Undiluted constant
KR axial  backround

chiral matter
generation
@ inflation exit  Radiation Era 

Cancellation of GAB0 / T 3
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Leptogenesis induced by
RHN (tree-level) decays
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B-L conserving sphelaron processes à Baryongenesis

Matter Era Possible potential (mass) generation for b à axion Dark matter

RVM Inflationary (de Sitter) Phase 

Big-Bang, pre-inflationary phase (broken Sugra) 

From a pre-inflationary
era after Big-Bang
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RVM Inflationary (de Sitter) Phase 
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ΔL In the (approx.) constant LV + CPTV background 
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+ De Cesare, 
Bossingham

Big-Bang, pre-inflationary phase (broken Sugra) 



4. Lorentz- & CPT-Violating

Leptogenesis à

àBaryogenesis

in models with Massive
Right-handed Neutrinos

cf. 
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Light Neutrino Masses through see saw 

Models with Right-handed Majorana Neutrinos NI, I=1,2,… 



Models with Right-handed Majorana Neutrinos NI, I=1,2,… 

Add interaction with 
approximately 
constant 
axial background 
Bμ  (e.g. generated
by torsion)

<latexit sha1_base64="0R/8qSXGzOa/qMFQdziquGVQOZ0="></latexit>

Lint = �N I Bµ �
µ �5 NI

+

Isotropy & Homogeneity:B0 = non trivial, Bi = 0, i=1,2,3

In our KR-torsion-induced axion background



CPT Violation 
Early Universe
T >> TEW

Heavy Right-Handed-Neutrino (N) interact with axial (approx.)

constant background with only temporal component B0 ≠ 0 

de Cesare, NEM, Sarkar
Eur.Phys.J. C75, 514 (2015)

m
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CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

Lepton number & CP Violations 
@ tree-level due to 
Lorentz/CPTV Background

Heavy Right-Handed-Neutrino (N) interact with axial (approx.)

constant background with only temporal component B0 ≠ 0 

≠
B0 ≠ 0

CPV &
LV

de Cesare, NEM, Sarkar
Eur.Phys.J. C75, 514 (2015)

⌦ =
q

B2
0 +M2
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CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

Lepton number & CP Violations @ tree-level 
due to Lorentz/CPTV Background

(approx.) Constant B0 Background

Contrast with one-loop
conventional 

CPV Leptogenesis
(in absence of H-torsion)

m

Fukugita, Yanagida,

+

NI ! � ` , � `
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CPTV Thermal Leptogenesis

CPT Violation 

Produce Lepton asymmetry 

Early Universe
T > 105 GeV

Lepton number & CP Violations @ tree-level 
due to Lorentz/CPTV Background

m � 100TeV !
B0 ⇠ 1MeV

TD ' m ⇠ 100 TeV

Yk ⇠ 10�5

m

NI ! � ` , � `
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(approx.) Constant B0 ≠ 0 
background

Similar order of magnitude estimates 
if B0 ~ T3 during Leptogenesis era

Bossingham, NEM,
Sarkar

Solving 
system
of Boltzmann
eqs

Situation faced in post-RVM-
inflationary eras in our models

m ≤ 104 TeV (Higgs mass stabilty)
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The Cosmology of the Model @ a glance 

KR axion
dominance

GW + Grav. 
Anomalies
dominance

Chiral matter
Generation + cancellation
of grav. Anomalies

Leptogenesis à Baryogenesis 
(LV + CPTV KR axion backgrounds) 

`

Chiral anomalies
Remain in matter era

KR axion mass generation through 
QCD instantons (Dark Matter)

NEM, Sarkar
+ De Cesare, 
Bossingham

Broken
SUGRA

ß Only gravitational  d.o.f present à

(close
to MPl)

NB:

chiral U(1)         Gluon QCD
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CPTV Thermal Leptogenesis

CPT Violation 

Produce Lepton asymmetry 

Early Universe
T > 105 GeV

Lepton number & CP Violations @ tree-level 
due to Lorentz/CPTV Background

m � 100TeV !
B0 ⇠ 1MeV
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Yk ⇠ 10�5
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(approx.) Constant B0 ≠ 0 
background

Similar order of magnitude estimates 
if B0 ~ T3 during Leptogenesis era

Bossingham, NEM,
Sarkar

Solving 
system
of Boltzmann
eqs

Situation faced in post-RVM-
inflationary eras in our models

Texit ~ H/(2π)
Gibbons-Hawking 
Temperature of de Sitter
spacetime

(Higgs mass stability OK !)

104



CPTV Thermal Leptogenesis

Fukugita, Yanagida,

CPT Violation 

Produce Lepton asymmetry 

Observed Baryon Asymmetry 
In the Universe  (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

Kuzmin, Rubakov,
Shaposhinkov

Environmental 
Conditions Dependent 

Early Universe
T > 105 GeV

Lepton number & CP Violations @ tree-level 
due to Lorentz/CPTV Background

B-L conserved

m

Fukugita, Yanagida,

NI ! � ` , � `
<latexit sha1_base64="wEbufNCrNlKYklzMCkTeMSfFuCg="></latexit>

(approx.) Constant B0 ≠ 0 
background
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= (8.4� 8.9)⇥ 10�11 T > 1 GeV



CPTV Thermal Leptogenesis

Fukugita, Yanagida,

CPT Violation 

Produce Lepton asymmetry 

Observed Baryon Asymmetry 
In the Universe  (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

Kuzmin, Rubakov,
Shaposhinkov

Environmental 
Conditions Dependent 

Early Universe
T > 105 GeV

Lepton number & CP Violations @ tree-level 
due to Lorentz/CPTV Background

B-L conserved

m

Fukugita, Yanagida,
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(approx.) Constant B0 ≠ 0 
background

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11 T > 1 GeV

Kuzmin, Rubakov, Shaposhnikov

Gavela, Hernandez, Orloff, P
ene, Quimbay



Stability issues with 
CPTV Leptogenesis Vacuum 

NEM & Sarkar (2023)

Existence of massive right-handed neutrinos (RHN) of mass mN

Axion-RHN interactions

Non conserved chiral current
due to RHN mass

Our case: S. Ellis,, Quevillon, 
Vuong, T. You, Zhang



EFFECTIVE FIELD THEORY (EFT) – integrating out heavy RHN

Validity of EFT: fb ≥ mN

EFT Axion potential generated : up to, say, dim 6 operators  

Runaway 
Instability?

RG
scale

Real mass for axions: 

Allowed regime:  

Matching: 



Coleman approach to calculating lifetime of false vacuum
Using instanton (bounce) solutions in Euclidean formalism

Lifetime
of Universe ,

Do not include 
the mass terms

Minimize τ w.r.t. μ 

μ = mN :

Vacuum metastable for  fb >> mN : τ >> TU



Coleman approach to calculating lifetime of false vacuum
Using instanton (bounce) solutions in Euclidean formalism

Lifetime
of Universe ,

Do not include 
the mass terms

Minimize τ w.r.t. μ 

μ = mN :

This is the case of the Leptogenesis
model of  de Cesare, NEM, Sarkar
for large string mass scales κ2 

~ α’

>> mN ~ 105 – 7 GeV (stability
of Higgs mass)

Vacuum metastable for  fb >> mN : τ >> TU

MPl



Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
Cosmic
Time

Primordial 
Gravitational
Waves 

Gravitational
anomaly (GA)

Undiluted constant
KR axial  backround

chiral matter
generation
@ inflation exit  Radiation Era 

Cancellation of GAB0 / T 3
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B-L conserving sphelaron processes à Baryongenesis

Matter Era Possible potential (mass) generation for b à axion Dark matter

RVM Inflationary (de Sitter) Phase 

From a pre-inflationary
era after Big-Bang
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ΔL In the (approx.) constant LV + CPTV background 

Big-Bang, pre-inflationary phase (broken Sugra) 
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Constraints
& probes of 

axions 
Stringy RVM
KR b axion
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D.J.E. Marsh, 
Phys. Rept. 643, 1  
(2016) 
[arXiv:1510.07633  
[astro-ph.CO]].

cf =1 BBN constraints rule out 
fa ≤ 109 GeV for a 
wide range of Masses mφ

For KR axion coupling

)

Excludes 
mb = Λ2

QCD / fb > 4 x 10-2 eV

BBN Constraints

Allowed:
2 x 10-11 eV < mb < 0.04 eV
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Ultra  Light Axion (ULA) DM (allowed in string theory)

Contribution to galactic growth if dominant DM species 

D.J.E. Marsh, 
Phys. Rept. 643, 1  
(2016) 
[arXiv:1510.07633  
[astro-ph.CO]].

Compactification actions,  NOT KR b in stringy RVM
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Halo Density Profiles and ULA

D.J.E. Marsh, 
Phys. Rept. 643, 1  
(2016) 
[arXiv:1510.07633  
[astro-ph.CO]].

Compactification actions,  NOT KR b in stringy RVMNB



The Cosmology of the Model @ a glance 
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Remain in matter era

KR axion mass generation through 
QCD instantons (Dark Matter)
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ß Only gravitational  d.o.f present à

NEM, Solà
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0today
0today

Distinguishing feature from ΛCDM
Fit data & Alleviate data tensions

)0

⌫ = O(10�3)

O(10�4) . ↵ . O(1)

3

2
c0 ' 10�122 M4

Pl
<latexit sha1_base64="+4U3cNGhcA4H/J85Z8GyEXMR88g="></latexit>

⌫ = O(10�3)

O(10�4) . ↵ . O(1)

3

2
c0 ' 10�122 M4

Pl
<latexit sha1_base64="+4U3cNGhcA4H/J85Z8GyEXMR88g="></latexit>

Gómez-V
alent

 

Solà
, Moren

o-

Pulid
o, de

 Cru
z-

Pere
z

today

0 <

0

0

Big-Bang, pre-inflationary phase (broken Sugra) 



Solà, Gómez-Valent,
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(Planck 2018 data)

Alleviation of the H0 , σ8 tension by RVM model 

If tensions

are not due 

to statistics
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Effective action Γ in the presence
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B=integrating our gravitons (QG)
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RG 
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OUTLOOK: (ii) Look for imprints of the 
LV & CPTV KR axial background in CMB

in early eras.
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OUTLOOK: (iii) Can we also get evidence of
ν < 0 coefficient of H2  during RVM inflation?
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3(iii). Spontaneous 
Lorentz  &

CPT Violation 
by axion backgrounds 

and Running-Vacuum-Model 
Inflation without

inflatons
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(iii) Inflation is obtained self consistently from RVM evolution
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μ

n* 

Proper density of sources 

<….> of CS term calculable using weak canonical quantum gravity via 
creation and annihilation coefficients of graviton modes 
non-zero   only for chiral GW situations
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Hḃ ⌧ 1

<latexit sha1_base64="qy6L7DVfEOKjaTQ8pFbkv/BKD0c="></latexit>

 = M�1
Pl ,
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Solutions (backgrounds) to the Eqs of Motion
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time evolution of Anomaly
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˙̄
b / ✏

ijk
Hijk = constant

n* 

μ / Μs = 1  

<       >

<     >



Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  
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˙̄
b ⇠ "ijkH

ijk
≈ constant
torsion

H = Hinfl ' const.
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Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  

@ end of 
Inflationary
era 

H = Hinfl ' const.
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bend ⇠ binitial + 0.14MPl Hinfl tend,

tendHinfl ⇠ N = e� foldings

Fix binitial to arrange 
approx. constant 
condensate
during appropriate 
time period (inflation) ~ 55-70

<     >



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

e-foldings

`



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

Dark Energy

(``running
vacuum model
(RVM) type’’)

cf. talk 
by Solà

`



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

`

Self-consistent derivation of early inflation from RVM evolution 

Solution

Early de Sitter (unstable) 

Basilakos, Lima, Solà, Perico



Gravitational Anomaly Condensates  à Dynamical Inflation 

NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

`

Equation of state :

0 > ρb + ρgCS = - (pb + pgCS ) cf. phantom ``matter’’

0 < ρΛ = -pΛ à dominates à

0 < ρb + ρgCS + ρΛ = - (pb + pgCS + pΛ) true RVM
vacuum

Dark Energy

(``running
vacuum model
(RVM) type’’)

cf. talk 
by Solà



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

RVM-like terms
drive inflation
contain scalar d.o.f.
from the anomaly
condensate

`

Dark Energy

(``running
vacuum model
(RVM) type’’)

cf. talk 
by Solà

But slow roll is due to the KR axion field 



Gravitational Anomaly Condensates  à Dynamical Inflation 

Positive total energy density since Λ-term dominates

RVM-like terms
drive inflation
contain scalar d.o.f.
from the anomaly
condensate

`

But slow roll is due to the KR axion field 

Positive total energy density since Λ-term dominates

Cannot obtain such H4 terms
in ordinary Quantum Field Theories
by integrating out matter fields

There you obtain H6 and higher…
Moreno Pulido, Solà
+ Cheraghchi

NEM Solà

Dark Energy

(``running
vacuum model
(RVM) type’’)

cf. talk 
by Solà



Gravitational Anomaly Condensates  à Dynamical Inflation 

Positive total energy density since Λ-term dominates

RVM-like terms
drive inflation
contain scalar d.o.f.
from the anomaly
condensate

`

But slow roll is due to the KR axion field 

Positive total energy density since Λ-term dominates

`Cannot obtain such H4 terms
in ordinary Quantum Field Theories
You need the condensate of 
the gravitational anomalies
which have CP-violating couplings
with the gravitational axions

Another
 important

role of CP-violation 

in Early
 Univers

e

NEM Solà

Dark Energy

(``running
vacuum model
(RVM) type’’)

cf. talk 
by Solà



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

RVM-like terms
drive inflation
contain scalar d.o.f.
from the anomaly
condensate

But slow roll is due to the KR axion field 

Negative coefficient ν < 0
due to CS anomaly 

in early Universe, unlike
late-era RVM

`



Cosmological Evolution of RVM

Solution

Early de Sitter
(unstable) 

Radiation

Late dark-Energy
dominated era c0 dominant

Basilakos, Lima,
Solà + Gomez Valent 
+ ...  (2013 - 2018 )

m = matter, radiation
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3(iv). Enhanced cosmic 
perturbations and densities

of primordial black holes 
during RVM inflation

and Gravitational Wave profiles
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Universe 7 (2021) 12, 480, 
e-Print: 2111.05675 [hep-th]

Anomaly condensate à linear axion potential 
<latexit sha1_base64="++jLcyE+++fuo3+Xuha24yRxod0="></latexit>

Ve↵ 3 hRµ⌫⇢�
eRµ⌫⇢�i b(x)

approximately de Sitter provided we have, during the duration of inflation:
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b(t) = b(0) + 0.14MPl H tend ' b(0)
beginning
of inflation

order of magnitude

N=e-folds< 0
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|b(0)| & O(10)MPl
Distance-swampland
conjectures? 



World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Universe 7 (2021) 12, 480, 
e-Print: 2111.05675 [hep-th]

Anomaly condensate à linear axion potential 
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Such a potential can also arise in appropriate brane compactifications 
(eg type IIB strings) L. McAllister, E. Silverstein and A. Westphal, 

Phys. Rev. D 82 (2010), 046003 
[arXiv:0808.0706 [hep-th]].



World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Universe 7 (2021) 12, 480, 
e-Print: 2111.05675 [hep-th]

Anomaly condensate à linear axion potential 
<latexit sha1_base64="++jLcyE+++fuo3+Xuha24yRxod0="></latexit>

Ve↵ 3 hRµ⌫⇢�
eRµ⌫⇢�i b(x)

Such a potential can also arise in appropriate brane compactifications 
(eg type IIB strings) L. McAllister, E. Silverstein and A. Westphal, 

Phys. Rev. D 82 (2010), 046003 
[arXiv:0808.0706 [hep-th]].

We may extend the model to include other stringy axions arising from compactification

fa = axion coupling

canonical kinetic 
terms for a-axions



World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Universe 7 (2021) 12, 480, 
e-Print: 2111.05675 [hep-th]

NEM, Spanos, Stamou
PRD106 (2022), 063532

Anomaly condensate à linear axion potential 

à

Restrict to 

L. McAllister, E. Silverstein and A. Westphal, 
Phys. Rev. D 82 (2010), 046003 
[arXiv:0808.0706 [hep-th]].

warp factor

<latexit sha1_base64="++jLcyE+++fuo3+Xuha24yRxod0="></latexit>
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world-sheet (non-perturbative) instantons à periodic potential perturbations



World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Solà + Basilakos

NEM, Spanos, Stamou
PRD106 (2022), 063532

Anomaly condensate à linear axion potential 

world-sheet (non-perturbative) instantons à periodic potential perturbations

Case I

Case II  Zhou, Jiang, Cai, Sasaki, Pi, 
Phys. Rev. D 102 (2020) no.10, 103527
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 

world-sheet (non-perturbative) instantons à periodic potential perturbations

Case I

Case II  Zhou, Jiang, Cai, Sasaki, Pi, 
Phys. Rev. D 102 (2020) no.10, 103527

Enhancement of cosmic perturbations 
NEM, Solà + Basilakos

NEM, Spanos, Stamou
PRD106 (2022), 063532
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 

world-sheet (non-perturbative) instantons à periodic potential perturbations

Case I
NEM, Spanos, Stamou
PRD106 (2022), 063532
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The enhancement of cosmic perturbations mechanism 

``step-like’’ 
features

b-field + condensate drive inflation, a-axion ends inflation

NEM, Spanos, Stamou
PRD106 (2022), 063532



Primordial Black Hole (PBH) and GW 
enhanced production during inflation

fractional PBH abundance

k

SET 1 

NEM, Spanos, Stamou
PRD106 (2022), 063532



Primordial Black Hole (PBH) and GW 
enhanced production during inflation

fractional PBH abundance

k

SET 2 

NEM, Spanos, Stamou
PRD106 (2022), 063532



World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 

world-sheet (non-perturbative) instantons à periodic potential perturbations

Case II  

specific set of parameters
enhancement due to inflection
points in the potential à
different enhancement mechanism 
than in
Zhou, Jiang, Cai, Sasaki, Pi, 
Phys. Rev. D 102 (2020) no.10, 103527

NEM, Spanos, Stamou
PRD106 (2022), 063532
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 

world-sheet (non-perturbative) instantons à periodic potential perturbations

Case II  

specific set of parameters
enhancement due to inflection
points in the potential à
different enhancement mechanism 
than in
Zhou, Jiang, Cai, Sasaki, Pi, 
Phys. Rev. D 102 (2020) no.10, 103527

SET 3

NEM, Spanos, Stamou
PRD106 (2022), 063532
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Primordial Black Hole (PBH) and GW 
enhanced production during inflation in Case 2

fractional PBH abundance

k

SET 3 

0.762

NEM, Spanos, Stamou
PRD106 (2022), 063532



Hence  in both hierarchies of scales :

1:                                           ,     2:

one may get significant enhancement of cosmic perturbations, 
ands PBH production, and thus a significant portion of PBH could 
play the role of DM, also, as a result, profiles of GW could change during radiation,
in principle falsifiable predictions at interferometers, distinguishing 1 from 2.

SUMMARY: Primordial Black Hole (PBH) and GW 
enhanced production during inflation in Cases 1 + 2

NEM, Spanos, Stamou
PRD106 (2022), 063532

29/6/23
15 year data

Release.
Origin of 

GW background?



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Basilakos, NEM,Sola (2019-20)
Required by consistency of quantum theory
of matter and radiation (diffeomorphism invariance)

`

Chiral current, including RHN

chiral U(1)           Gluon QCD
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instanton generated potential for KR axion b-field   
during matter dominance à axion Dark Matter



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Basilakos, NEM,Sola (2019-20)
Required by consistency of quantum theory
of matter and radiation (diffeomorphism invariance)

`

Possibly also QCDScale factor  a(t) ~ T-1

sufficiently slowly varying during leptogenesis
(brief) epoch à qualitatively similar to 
approximately const. background Bossingham, NEM,

Sarkar


