
Going beyond the Standard 
paradigm of Cosmology: 

Torsion, gravitational anomalies and 
inflation without inflaton fields 

Nick E. Mavromatos
Natl. Tech. U. Athens, Physics Dept.

Athens, Greece
&

King’s College London, Physics Dept., 
London,  UK

CA18108 - Quantum gravity 
phenomenology in the multi-

messenger approach

Virtual  Talk  
November 29th 2021



Out
line1.



v Motivation for Going Beyond ΛCDM

v String-inspired Cosmologies with Gravitational anomalies
and torsion

v Primordial Gravitational waves, Spontaneous-Lorentz-&-CPT-Violating
anomaly condensation and ``running-vacuum-model (RVM)’’-type 
dynamical inflation without inflaton fields

v Post-inflationary epochs, Lorentz & CPT Violating Leptogenesis
and Baryogenesis (matter-antimatter asymmetry in the Universe)

v RVM cosmology in modern era & potential resolution of data tensions

Outline 



v Motivation for Going Beyond ΛCDM

v String-inspired Cosmologies with Gravitational anomalies
and torsion

v Primordial Gravitational waves, Spontaneous-Lorentz-&-CPT-Violating
anomaly condensation and ``running-vacuum-model (RVM)’’-type 
dynamical inflation without inflaton fields

v Post-inflationary epochs, Lorentz & CPT Violating Leptogenesis
and Baryogenesis (matter-antimatter asymmetry in the Universe)

v RVM cosmology in modern era & potential resolution of data tensions

Outline 



v Motivation for Going Beyond ΛCDM

v String-inspired Cosmologies with Gravitational anomalies
and torsion

v Primordial Gravitational waves, Spontaneous-Lorentz-&-CPT-Violating
anomaly condensation and ``running-vacuum-model (RVM)’’-type 
dynamical inflation without inflaton fields

v Post-inflationary epochs, Lorentz & CPT Violating Leptogenesis
and Baryogenesis (matter-antimatter asymmetry in the Universe)

v RVM cosmology in modern era & potential resolution of data tensions

Outline 



v Motivation for Going Beyond ΛCDM

v String-inspired Cosmologies with Gravitational anomalies
and torsion

v Primordial Gravitational waves, Spontaneous-Lorentz-&-CPT-Violating
anomaly condensation and ``running-vacuum-model (RVM)’’-type 
dynamical inflation without inflaton fields

v Post-inflationary epochs, Lorentz & CPT Violating Leptogenesis
and Baryogenesis (matter-antimatter asymmetry in the Universe)

v RVM cosmology in modern era & potential resolution of data tensions

Outline 

Sarben Sarkar’s 
talk this afternoon



v Motivation for Going Beyond ΛCDM

v String-inspired Cosmologies with Gravitational anomalies
and torsion

v Primordial Gravitational waves, Spontaneous-Lorentz-&-CPT-Violating
anomaly condensation and ``running-vacuum-model (RVM)’’-type 
dynamical inflation without inflaton fields

v Post-inflationary epochs, Lorentz & CPT Violating Leptogenesis
and Baryogenesis (matter-antimatter asymmetry in the Universe)

v RVM cosmology in modern era & potential resolution of data tensions

Outline 

Sarben Sarkar’s 
talk this afternoon



Mot
ivat

ion2.



Important (last ~ 20 yrs) Discoveries in Cosmology/Astronomy 

CMB 

Helped towards better 
understanding of 
evolution of Universe,
showed current 
acceleration ß cosmol.
constant (?) dominance

Inflation (de Sitter) à radiation-dominance à matter dominance à de Sitter (?) again

Gravitational
Waves from
Black Hole  
mergers 

Cosmic time à

``Heard’’ (2015) for the 
first time by

LIGO Inteferometer
Open new era in 

Astronomy

Planck 2018 Inflation
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ΛCDM appears   
to be in tension with 

local measurements of 
present-era H0 

& also σ8 galaxy-
growth data ?



E. Di Valentino

(Km/s/Mpc)



E.
 D

i V
al

en
tin

o

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

reduced Hubble constant)



Important (last ~ 20 yrs) Discoveries in Cosmology/Astronomy 

CMB 

Helped towards better 
understanding of 
evolution of Universe,
showed current 
acceleration ß cosmol.
constant (?) dominance

Inflation (de Sitter) à radiation-dominance à matter dominance à de Sitter (?) again

Gravitational
Waves from
Black Hole  
mergers 

Cosmic time à

``Heard’’ (2015) for the 
first time by

LIGO Inteferometer
Open new era in 

Astronomy

Planck 2018 Inflation

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 

polarisation
in CMB from very early Universe)

Microscopic models of Inflation
(Is it due to fundamental inflatons or 
dynamical e.g. Starobinsky type? ....)

Microscopic
understanding of
Matter/Antimatter
asymmetry in the

Universe?



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 Nucleosynthesi
Ωb  h2=0.0214±0.00

Baryon vs anti-baryon densitie The (observed) 
Baryon Asymmetry 

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11 T > 1 GeV

s = entropy density 
of 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



Attempts at Explanation – Sakharov ‘s Conditions

Baryon number violation 

C-violation

and CP violation

Departure from thermodynamic 
equilibrium (non-stationary 

system) 

Standard Model (SM) satisfies these conditions 
but not at the ...right magnitude :
the CP violation in the quark sector of the standard 
model is ...some ten orders of magnitude less than the 
one required for the observed matter-antimatter 
asymmetry 
CP violation in lepton sector not yet observed

Need new physics beyond the SM à
new sources of CP violation? Assume CPT
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Role of Neutrinos ν?
• Several Ideas to go beyond the SM (e.g. 

GUT models, Supersymmetry, extra 
dimensional models etc.)

• Massive ν are simplest extension of SM
• Right-handed supermassive ν may provide 

extensions of SM with:  
extra CP Violation and thus Origin of 
Universe’s matter-antimatter 
asymmetry due to neutrino masses, Dark 
Matter



Baryogenesis through Leptogenesis
In models with heavy right-handed neutrinos

Lepton Asymmetry is then communicated to the Baryon sector 
by equilibrated sphaleron processes in the standard model which  
conserve  the difference Baryon (B) – Lepton (L) number, but  
violate  B + L  à Baryogenesis = Baryon Asymmetry

_

Γ l_ φ+ ≠ Γ l + φ-Widths



Baryogenesis through Leptogenesis
In models with heavy right-handed neutrinos
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K Turzynski (ITP, Warsaw), talk : 
https://www.slideserve.com/finola/why-is-there-something-
rather-than-nothing-baryogenesis-and-leptogenesis
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Lorentz & 
CPT Violation 

STANDARD MODEL 
EXTENSION EFT

Spontaneous Violation of Lorentz Symmetry 
(LV coefficients are v.e.v. of tensor-valued field quantities )
b0  ≈ constant is string-inspired H-torsion 
background   in our model :                   ,  b = axion dual of H

Kostelecky, Bluhm, Colladay, 
Lehnert, Potting, Russell et al. 

Specifically, we shall argue that in contorted 
string-inspired cosmologies (UV complete)

Gravitational Wave condensation  in early Universe à

Gravitational Anomaly condensation    à

Torsion-induced axion background b(x) with 
constant (or, at most, slowly varying with cosmic time)
time derivative  ßà Spontaneous  Lorentz Violation
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Specifically, we shall argue that in contorted 
string-inspired cosmologies (UV complete)

Gravitational Wave condensation  in early Universe à

Gravitational Anomaly condensation    à

Torsion-induced axion background b(x) with 
constant (or, at most, slowly varying with cosmic time)
time derivative  ßà Spontaneous  Lorentz Violation
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THIS TALK:

a microscopic
(string-

inspired) 
model for 

RVM Universe....

Links with :
spontaneous Lorentz violation 

(via (gravitational axion) 

backgrounds)
and 
Matter-Antimatter Asymmetry

in theories with 
Right-Handed Neutrinos
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Einstein-Cartan Theory with (Quantum) Torsion

Torsion 2-form

Palatini formalism: in presence of torsion, spin connection and vielbeins independent 

metric    vielbeins inverse vielbeins

Spin connection with torsion
Riemannian

Spin connection
(Einstein theory)

Metricity postulate for Einstein-Riemann spacetimes

à
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Einstein-Cartan Theory with (Quantum) Torsion

Torsion 2-form

Palatini formalism: in presence of torsion, spin connection and vielbeins independent 

metric    vielbeins inverse vielbeins

Spin connection with torsion

Generalised curvature 2-form 
_ _ _

Torsion
tensor
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Torsion 2-form

Palatini formalism: in presence of torsion, spin connection and vielbeins independent 
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Spin connection with torsion

Generalised curvature 2-form 

Gravitational action quadratic in (con)torsion, up to boundary terms 

Hodge star 
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The Parts

Stringy gravitational Axions
+ torsion



Massless Gravitational 
multiplet of (closed) strings: 

spin 0 scalar (dilaton Φ) 
spin 2 traceless symmetric rank 2

tensor (graviton gμν) 
spin 1 antisymmetric rank 2 tensor

Stringy gravitational Axions
+ torsion

Bµ⌫ = �B⌫µKALB-RAMOND FIELD 

Gross and Sloan, Metsaev and Tseytlin
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Massless Gravitational 
multiplet of (closed) strings: 

spin 0 scalar (dilaton Φ) 
spin 2 traceless symmetric rank 2

tensor (graviton gμν) 
spin 1 antisymmetric rank 2 tensor

Stringy gravitational Axions
+ torsion

Bµ⌫ = �B⌫µKALB-RAMOND FIELD 

Gross and Sloan, Metsaev and Tseytlin

4-DIM 
action 

κ2 = 8π G
String Anomaly Cancellation requires modification in definition of Hμνρ

H

Green, Schwarz
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Massless Gravitational 
multiplet of (closed) strings: 
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spin 2 traceless symmetric rank 2

tensor (graviton gμν) 
spin 1 antisymmetric rank 2 tensor

Stringy gravitational Axions
+ torsion

Bµ⌫ = �B⌫µKALB-RAMOND FIELD 

Gross and Sloan, Metsaev and Tseytlin

Contorsion

R(�)
<latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit><latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit><latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit><latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit>
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Massless Gravitational 
multiplet of (closed) strings: 

spin 0 scalar (dilaton Φ) 
spin 2 traceless symmetric rank 2

tensor (graviton gμν) 
spin 1 antisymmetric rank 2 tensor

Stringy gravitational Axions
+ torsion

Bµ⌫ = �B⌫µKALB-RAMOND FIELD 

Gross and Sloan, Metsaev and Tseytlin

Contorsion

R(�)
<latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit><latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit><latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit><latexit sha1_base64="81nsrKN3Q/dcnaeeGyvsgZgByJY=">AAACB3icbVBLSwMxGMz6rPW16lGQYBHqpeyKoMeiBz1WsQ/oLiWbZtvQPJYkK5TSmxf/ihcPinj1L3jz35htF9TWgcBk5huSb6KEUW0878tZWFxaXlktrBXXNza3tt2d3YaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlxmfvOeKE2luDPDhIQc9QSNKUbGSh33IJDWztLwFpZ/LsEV4hwdd9ySV/EmgPPEz0kJ5Kh13M+gK3HKiTCYIa3bvpeYcISUoZiRcTFINUkQHqAeaVsqECc6HE32GMMjq3RhLJU9wsCJ+jsxQlzrIY/sJEemr2e9TPzPa6cmPg9HVCSpIQJPH4pTBo2EWSmwSxXBhg0tQVhR+1eI+0ghbGx1RVuCP7vyPGmcVHyv4t+clqoXeR0FsA8OQRn44AxUwTWogTrA4AE8gRfw6jw6z86b8z4dXXDyzB74A+fjG8q1mJk=</latexit>
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κ2 = 8π G
String Anomaly Cancellation requires modification in definition of Hμνρ

H

Green, Schwarz

<latexit sha1_base64="JiXZJF+4hzMvEJuI7BMUjvVH1jY="></latexit>

"
µ⌫⇢�

H⌫⇢�(x);µ / Rµ⌫⇢�
eRµ⌫⇢� � Fµ⌫

eFµ⌫

To this end...
Bianchi Identity forHμνρ

<latexit sha1_base64="pPLx3sFKkPE9iMNnzm62YSj7Zr8="></latexit>

eRµ⌫⇢� =
1

2
"µ⌫↵�R

↵�
⇢�

eFµ⌫ =
1

2
"µ⌫↵�F

↵�

<latexit sha1_base64="pPLx3sFKkPE9iMNnzm62YSj7Zr8="></latexit>

eRµ⌫⇢� =
1

2
"µ⌫↵�R

↵�
⇢�

eFµ⌫ =
1

2
"µ⌫↵�F

↵�
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tensors
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Svrcek & Witten



κ2 = 8π G
String Anomaly Cancellation requires modification in definition of Hμνρ

H

Green, Schwarz

<latexit sha1_base64="JiXZJF+4hzMvEJuI7BMUjvVH1jY="></latexit>

"
µ⌫⇢�

H⌫⇢�(x);µ / Rµ⌫⇢�
eRµ⌫⇢� � Fµ⌫

eFµ⌫

To this end...
Bianchi Identity forHμνρ

c1

<latexit sha1_base64="eSC12568D0y554F+wj2rBSNmIZk=">AAACDnicbVDLSgNBEJz1GeNr1aOXwRCIIGFXgnqMetBjBPOA7BJmJ73JkNmHM7OBEPIFXvwVLx4U8erZm3/jbLIHTSxoKKq66e7yYs6ksqxvY2l5ZXVtPbeR39za3tk19/YbMkoEhTqNeCRaHpHAWQh1xRSHViyABB6Hpje4Tv3mEIRkUXivRjG4AemFzGeUKC11zKIDDwkbYicgqk8Jxze45EQB9MjJTPN8fHncMQtW2ZoCLxI7IwWUodYxv5xuRJMAQkU5kbJtW7Fyx0QoRjlM8k4iISZ0QHrQ1jQkAUh3PH1ngota6WI/ErpChafq74kxCaQcBZ7uTC+U814q/ue1E+VfuGMWxomCkM4W+QnHKsJpNrjLBFDFR5oQKpi+FdM+EYQqnWBeh2DPv7xIGqdl+6xcuasUqldZHDl0iI5QCdnoHFXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP4rWaug==</latexit>

⌘ G(!,A)
{ mixed

anomalies

Svrcek & Witten



κ2 = 8π G
String Anomaly Cancellation requires modification in definition of Hμνρ

H

Green, Schwarz

<latexit sha1_base64="JiXZJF+4hzMvEJuI7BMUjvVH1jY="></latexit>

"
µ⌫⇢�

H⌫⇢�(x);µ / Rµ⌫⇢�
eRµ⌫⇢� � Fµ⌫

eFµ⌫

Implement in a Path-integral viaLagrange multiplier 
Pseudoscalar b(x) field

To this end...
Bianchi Identity forHμνρ

c1

Svrcek & Witten
Duncan, Kaloper, Olive

<latexit sha1_base64="eSC12568D0y554F+wj2rBSNmIZk=">AAACDnicbVDLSgNBEJz1GeNr1aOXwRCIIGFXgnqMetBjBPOA7BJmJ73JkNmHM7OBEPIFXvwVLx4U8erZm3/jbLIHTSxoKKq66e7yYs6ksqxvY2l5ZXVtPbeR39za3tk19/YbMkoEhTqNeCRaHpHAWQh1xRSHViyABB6Hpje4Tv3mEIRkUXivRjG4AemFzGeUKC11zKIDDwkbYicgqk8Jxze45EQB9MjJTPN8fHncMQtW2ZoCLxI7IwWUodYxv5xuRJMAQkU5kbJtW7Fyx0QoRjlM8k4iISZ0QHrQ1jQkAUh3PH1ngota6WI/ErpChafq74kxCaQcBZ7uTC+U814q/ue1E+VfuGMWxomCkM4W+QnHKsJpNrjLBFDFR5oQKpi+FdM+EYQqnWBeh2DPv7xIGqdl+6xcuasUqldZHDl0iI5QCdnoHFXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP4rWaug==</latexit>

⌘ G(!,A)
{ mixed

anomalies



Effective action 
after H-torsion (exact) 
path-integration

KR-axion

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )

<latexit sha1_base64="uLO2mW/JsGw88xdsSMIe4Q+KaWU="></latexit>

p
3

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

H

cf. classically in 4 dim: 

<latexit sha1_base64="wDS+nafK3fAvk1urQZ534uZ6FLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ1IPHCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup76rUdUmsfy3owT9CM6kDzkjBorPVySLpeG3ASkV664VXcG8pd4OalAjnqv/NntxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbxhBxZpU/CWNmy+2fqz4mMRlqPo8B2RtQM9aI3Ff/zOqkJL/yMyyQ1KNl8UZgKYmIyfZ/0uUJmxNgSyhS3txI2pIoyY0Mq2RC8xZf/kuZJ1TurunenldpVHkcRDuAQjsGDc6jBLdShAQwkPMELvDraeXbenPd5a8HJZ/bhF5yPb/ZJj8w=</latexit>

=

Z
Db

H
<latexit sha1_base64="P1beeO5m7DndNAi8uVEIp9LuIvc="></latexit>Z

Db exp
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i

Z
d
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x
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"
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Effective action 
after H-torsion (exact) 
path-integration

KR-axion anomalous 
CP-Violating interaction

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )

<latexit sha1_base64="uLO2mW/JsGw88xdsSMIe4Q+KaWU="></latexit>

p
3

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

H

cf. classically in 4 dim: 

<latexit sha1_base64="wDS+nafK3fAvk1urQZ534uZ6FLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ1IPHCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup76rUdUmsfy3owT9CM6kDzkjBorPVySLpeG3ASkV664VXcG8pd4OalAjnqv/NntxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbxhBxZpU/CWNmy+2fqz4mMRlqPo8B2RtQM9aI3Ff/zOqkJL/yMyyQ1KNl8UZgKYmIyfZ/0uUJmxNgSyhS3txI2pIoyY0Mq2RC8xZf/kuZJ1TurunenldpVHkcRDuAQjsGDc6jBLdShAQwkPMELvDraeXbenPd5a8HJZ/bhF5yPb/ZJj8w=</latexit>

=

Z
Db

H
<latexit sha1_base64="P1beeO5m7DndNAi8uVEIp9LuIvc="></latexit>Z
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Effective action 
after H-torsion (exact) 
path-integration

KR-axion anomalous 
CP-Violating interaction

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )

<latexit sha1_base64="uLO2mW/JsGw88xdsSMIe4Q+KaWU="></latexit>

p
3

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

H

cf. classically in 4 dim: 

<latexit sha1_base64="wDS+nafK3fAvk1urQZ534uZ6FLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ1IPHCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup76rUdUmsfy3owT9CM6kDzkjBorPVySLpeG3ASkV664VXcG8pd4OalAjnqv/NntxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbxhBxZpU/CWNmy+2fqz4mMRlqPo8B2RtQM9aI3Ff/zOqkJL/yMyyQ1KNl8UZgKYmIyfZ/0uUJmxNgSyhS3txI2pIoyY0Mq2RC8xZf/kuZJ1TurunenldpVHkcRDuAQjsGDc6jBLdShAQwkPMELvDraeXbenPd5a8HJZ/bhF5yPb/ZJj8w=</latexit>

=

Z
Db

H
<latexit sha1_base64="P1beeO5m7DndNAi8uVEIp9LuIvc="></latexit>Z

Db exp
h
i

Z
d
4
x
p
�g

1p
3
b(x)

⇣
"
µ⌫⇢�

H(x)⌫⇢�;µ � G(!,A)
⌘iBianchi anomalies

c1



Effective action 
after H-torsion (exact) 
path-integration

Total derivatives 

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )

<latexit sha1_base64="uLO2mW/JsGw88xdsSMIe4Q+KaWU="></latexit>

p
3

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

H

cf. classically in 4 dim: 

<latexit sha1_base64="wDS+nafK3fAvk1urQZ534uZ6FLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ1IPHCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup76rUdUmsfy3owT9CM6kDzkjBorPVySLpeG3ASkV664VXcG8pd4OalAjnqv/NntxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbxhBxZpU/CWNmy+2fqz4mMRlqPo8B2RtQM9aI3Ff/zOqkJL/yMyyQ1KNl8UZgKYmIyfZ/0uUJmxNgSyhS3txI2pIoyY0Mq2RC8xZf/kuZJ1TurunenldpVHkcRDuAQjsGDc6jBLdShAQwkPMELvDraeXbenPd5a8HJZ/bhF5yPb/ZJj8w=</latexit>

=

Z
Db

H
<latexit sha1_base64="P1beeO5m7DndNAi8uVEIp9LuIvc="></latexit>Z

Db exp
h
i

Z
d
4
x
p
�g

1p
3
b(x)

⇣
"
µ⌫⇢�

H(x)⌫⇢�;µ � G(!,A)
⌘i

c1

shift symmetry: b(x) à b(x) + const.



Effective action 
after H-torsion (exact) 
path-integration

Total derivatives 

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )

<latexit sha1_base64="uLO2mW/JsGw88xdsSMIe4Q+KaWU="></latexit>

p
3

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

H

cf. classically in 4 dim: 

<latexit sha1_base64="wDS+nafK3fAvk1urQZ534uZ6FLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ1IPHCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup76rUdUmsfy3owT9CM6kDzkjBorPVySLpeG3ASkV664VXcG8pd4OalAjnqv/NntxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbxhBxZpU/CWNmy+2fqz4mMRlqPo8B2RtQM9aI3Ff/zOqkJL/yMyyQ1KNl8UZgKYmIyfZ/0uUJmxNgSyhS3txI2pIoyY0Mq2RC8xZf/kuZJ1TurunenldpVHkcRDuAQjsGDc6jBLdShAQwkPMELvDraeXbenPd5a8HJZ/bhF5yPb/ZJj8w=</latexit>

=

Z
Db

H
<latexit sha1_base64="P1beeO5m7DndNAi8uVEIp9LuIvc="></latexit>Z

Db exp
h
i

Z
d
4
x
p
�g

1p
3
b(x)

⇣
"
µ⌫⇢�

H(x)⌫⇢�;µ � G(!,A)
⌘i

c1

shift symmetry: b(x) à b(x) + const.
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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>

vielbeins

After integrating out H field with Bianchi constraint

c1



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>

vielbeins

After integrating out H field with Bianchi constraint

c1

or Majorana



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>

vielbeins

NB:

<latexit sha1_base64="1Hn7ZOWS9lt48lMlSVRCajMqB0U=">AAACFHicbVDLSsNAFJ34rPVVdelmsAiCUBIRdVnqpssK9gFNGyaTm3boZCbMTIQS8hFu/BU3LhRx68Kdf2P6WGjrgQuHc+6duff4MWfa2Pa3tbK6tr6xWdgqbu/s7u2XDg5bWiaKQpNKLlXHJxo4E9A0zHDoxApI5HNo+6Pbid9+AKWZFPdmHEMvIgPBQkaJySWvdO5O30gVBBmu9QPsCoZdiDXjUvRT4tMgq3upT0lW9Eplu2JPgZeJMydlNEfDK325gaRJBMJQTrTuOnZseilRhlEOWdFNNMSEjsgAujkVJALdS6cLZfg0VwIcSpWXMHiq/p5ISaT1OPLzzoiYoV70JuJ/Xjcx4U0vZSJODAg6+yhMODYSTxLCAVNADR/nhFDF8l0xHRJFqMlznITgLJ68TFoXFeeqYt9dlqu1eRwFdIxO0Bly0DWqojpqoCai6BE9o1f0Zj1ZL9a79TFrXbHmM0foD6zPH8yHnqg=</latexit>

B
d 3 ✏

abcd
Hbca

<latexit sha1_base64="YuJ8beM604ACusxnUNybd5Jwt4Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRbe63nlBpHstHM07Qj+hA8pAzaqz0cFbqlStu1Z2CLBNvTiowR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nr10Qk6s0idhrGxJQ6bq74mMRlqPo8B2RtQM9aKXi/95ndSE137GZZIalGy2KEwFMTHJ3yZ9rpAZMbaEMsXtrYQNqaLM2HDyELzFl5dJ87zqXVbd+4tK7WYeRxGO4BhOwYMrqMEd1KEBDEJ4hld4c0bOi/PufMxaC8585hD+wPn8AapsjMo=</latexit>�
<latexit sha1_base64="YuJ8beM604ACusxnUNybd5Jwt4Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRbe63nlBpHstHM07Qj+hA8pAzaqz0cFbqlStu1Z2CLBNvTiowR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nr10Qk6s0idhrGxJQ6bq74mMRlqPo8B2RtQM9aKXi/95ndSE137GZZIalGy2KEwFMTHJ3yZ9rpAZMbaEMsXtrYQNqaLM2HDyELzFl5dJ87zqXVbd+4tK7WYeRxGO4BhOwYMrqMEd1KEBDEJ4hld4c0bOi/PufMxaC8585hD+wPn8AapsjMo=</latexit>�

After integrating out H field with Bianchi constraint

<latexit sha1_base64="YuJ8beM604ACusxnUNybd5Jwt4Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRbe63nlBpHstHM07Qj+hA8pAzaqz0cFbqlStu1Z2CLBNvTiowR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nr10Qk6s0idhrGxJQ6bq74mMRlqPo8B2RtQM9aKXi/95ndSE137GZZIalGy2KEwFMTHJ3yZ9rpAZMbaEMsXtrYQNqaLM2HDyELzFl5dJ87zqXVbd+4tK7WYeRxGO4BhOwYMrqMEd1KEBDEJ4hld4c0bOi/PufMxaC8585hD+wPn8AapsjMo=</latexit>�
<latexit sha1_base64="YuJ8beM604ACusxnUNybd5Jwt4Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRbe63nlBpHstHM07Qj+hA8pAzaqz0cFbqlStu1Z2CLBNvTiowR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nr10Qk6s0idhrGxJQ6bq74mMRlqPo8B2RtQM9aKXi/95ndSE137GZZIalGy2KEwFMTHJ3yZ9rpAZMbaEMsXtrYQNqaLM2HDyELzFl5dJ87zqXVbd+4tK7WYeRxGO4BhOwYMrqMEd1KEBDEJ4hld4c0bOi/PufMxaC8585hD+wPn8AapsjMo=</latexit>�

<latexit sha1_base64="YuJ8beM604ACusxnUNybd5Jwt4Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRbe63nlBpHstHM07Qj+hA8pAzaqz0cFbqlStu1Z2CLBNvTiowR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nr10Qk6s0idhrGxJQ6bq74mMRlqPo8B2RtQM9aKXi/95ndSE137GZZIalGy2KEwFMTHJ3yZ9rpAZMbaEMsXtrYQNqaLM2HDyELzFl5dJ87zqXVbd+4tK7WYeRxGO4BhOwYMrqMEd1KEBDEJ4hld4c0bOi/PufMxaC8585hD+wPn8AapsjMo=</latexit>�

<latexit sha1_base64="YuJ8beM604ACusxnUNybd5Jwt4Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRbe63nlBpHstHM07Qj+hA8pAzaqz0cFbqlStu1Z2CLBNvTiowR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nr10Qk6s0idhrGxJQ6bq74mMRlqPo8B2RtQM9aKXi/95ndSE137GZZIalGy2KEwFMTHJ3yZ9rpAZMbaEMsXtrYQNqaLM2HDyELzFl5dJ87zqXVbd+4tK7WYeRxGO4BhOwYMrqMEd1KEBDEJ4hld4c0bOi/PufMxaC8585hD+wPn8AapsjMo=</latexit>�

c1



Inclusion of Fermions

Axial Current

p
3

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

vielbeins

After integrating out H field with Bianchi constraint

c1

Repulsive ints.
characteristic
of torsion



The Model 

p
3

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

All fermion species

c1



The Model 

p
3

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

All fermion species

Vanishes for Friedmann-Lemaitre-
Roberston-Walker backgrounds

c1



The Model 

p
3

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

All fermion species

c1



The Model 

p
3

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

Gravitational Anomalies & Diffeomorphism Invariance  

Diffeomoprphism
invariance breaking by
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2Tµ⌫

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

Gravitational Anomalies & Diffeomorphism Invariance  

Conserved Modified 
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tensor à
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between matter & anomaly
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matter ;µ = Cµ⌫

;µ 6= 0
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Hḃ ⌧ 1

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

/ K0
<latexit sha1_base64="YEzDQErUBldo1XyYyDOWvbDxiiw=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJWZKuiy6EZwU8E+oDOWTJq2oZkkJBmhDLPxV9y4UMStn+HOvzHTzkJbDwQO59xL7jmRZFQbz/t2lpZXVtfWSxvlza3tnV13b7+lRaIwaWLBhOpESBNGOWkaahjpSEVQHDHSjsbXud9+JEpTwe/NRJIwRkNOBxQjY6WeexhIJaQRMA1iZEYYMXibPXiw51a8qjcFXCR+QSqgQKPnfgV9gZOYcIMZ0rrre9KEKVKGYkaycpBoIhEeoyHpWspRTHSYTgNk8MQqfTgQyj5u4FT9vZGiWOtJHNnJ/Eo97+Xif143MYPLMKVcJoZwPPtokDBoA+dtwD5VBBs2sQRhRe2tEI+QQtjYzsq2BH8+8iJp1ar+WbV2d16pXxV1lMAROAanwAcXoA5uQAM0AQYZeAav4M15cl6cd+djNrrkFDsH4A+czx/4upX8</latexit>

time evolution of Anomaly

μ = UV k-momentum Cut-off

↵0 = M�2
s

<latexit sha1_base64="T0PEe39MTsGwKunYbawl9XstuQ4=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0tSBd0IRTduhAr2AU0aJtNJO3RmEmYmQgl146+4caGIW//CnX/jtM1CWw9cOJxzL/feEyaMKu0439bC4tLyymphrbi+sbm1be/sNlScSkzqOGaxbIVIEUYFqWuqGWklkiAeMtIMB9djv/lApKKxuNfDhPgc9QSNKEbaSIG97yGW9FHHSyTlBF7C20B1spPKKLBLTtmZAM4TNyclkKMW2F9eN8YpJ0JjhpRqu06i/QxJTTEjo6KXKpIgPEA90jZUIE6Un00+GMEjo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dOFnVCSpJgJPF0UpgzqG4zhgl0qCNRsagrCk5laI+0girE1oRROCO/vyPGlUyu5puXJ3Vqpe5XEUwAE4BMfABeegCm5ADdQBBo/gGbyCN+vJerHerY9p64KVz+yBP7A+fwBV0JYp</latexit>

μ

Ms



Solutions (backgrounds) to the Eqs of Motion

⇥ =

r
2

3


3

12
Hḃ ⌧ 1

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

/ K0
<latexit sha1_base64="YEzDQErUBldo1XyYyDOWvbDxiiw=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJWZKuiy6EZwU8E+oDOWTJq2oZkkJBmhDLPxV9y4UMStn+HOvzHTzkJbDwQO59xL7jmRZFQbz/t2lpZXVtfWSxvlza3tnV13b7+lRaIwaWLBhOpESBNGOWkaahjpSEVQHDHSjsbXud9+JEpTwe/NRJIwRkNOBxQjY6WeexhIJaQRMA1iZEYYMXibPXiw51a8qjcFXCR+QSqgQKPnfgV9gZOYcIMZ0rrre9KEKVKGYkaycpBoIhEeoyHpWspRTHSYTgNk8MQqfTgQyj5u4FT9vZGiWOtJHNnJ/Eo97+Xif143MYPLMKVcJoZwPPtokDBoA+dtwD5VBBs2sQRhRe2tEI+QQtjYzsq2BH8+8iJp1ar+WbV2d16pXxV1lMAROAanwAcXoA5uQAM0AQYZeAav4M15cl6cd+djNrrkFDsH4A+czx/4upX8</latexit>

time evolution of Anomaly

μ = UV k-momentum Cut-off

↵0 = M�2
s

<latexit sha1_base64="T0PEe39MTsGwKunYbawl9XstuQ4=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0tSBd0IRTduhAr2AU0aJtNJO3RmEmYmQgl146+4caGIW//CnX/jtM1CWw9cOJxzL/feEyaMKu0439bC4tLyymphrbi+sbm1be/sNlScSkzqOGaxbIVIEUYFqWuqGWklkiAeMtIMB9djv/lApKKxuNfDhPgc9QSNKEbaSIG97yGW9FHHSyTlBF7C20B1spPKKLBLTtmZAM4TNyclkKMW2F9eN8YpJ0JjhpRqu06i/QxJTTEjo6KXKpIgPEA90jZUIE6Un00+GMEjo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dOFnVCSpJgJPF0UpgzqG4zhgl0qCNRsagrCk5laI+0girE1oRROCO/vyPGlUyu5puXJ3Vqpe5XEUwAE4BMfABeegCm5ADdQBBo/gGbyCN+vJerHerY9p64KVz+yBP7A+fwBV0JYp</latexit>

μ

Ms

≈ 0 during inflation



Solutions (backgrounds) to the Eqs of Motion

⇥ =

r
2

3


3

12
Hḃ ⌧ 1

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

/ K0
<latexit sha1_base64="YEzDQErUBldo1XyYyDOWvbDxiiw=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJWZKuiy6EZwU8E+oDOWTJq2oZkkJBmhDLPxV9y4UMStn+HOvzHTzkJbDwQO59xL7jmRZFQbz/t2lpZXVtfWSxvlza3tnV13b7+lRaIwaWLBhOpESBNGOWkaahjpSEVQHDHSjsbXud9+JEpTwe/NRJIwRkNOBxQjY6WeexhIJaQRMA1iZEYYMXibPXiw51a8qjcFXCR+QSqgQKPnfgV9gZOYcIMZ0rrre9KEKVKGYkaycpBoIhEeoyHpWspRTHSYTgNk8MQqfTgQyj5u4FT9vZGiWOtJHNnJ/Eo97+Xif143MYPLMKVcJoZwPPtokDBoA+dtwD5VBBs2sQRhRe2tEI+QQtjYzsq2BH8+8iJp1ar+WbV2d16pXxV1lMAROAanwAcXoA5uQAM0AQYZeAav4M15cl6cd+djNrrkFDsH4A+czx/4upX8</latexit>

time evolution of Anomaly

μ = UV k-momentum Cut-off

↵0 = M�2
s

<latexit sha1_base64="T0PEe39MTsGwKunYbawl9XstuQ4=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0tSBd0IRTduhAr2AU0aJtNJO3RmEmYmQgl146+4caGIW//CnX/jtM1CWw9cOJxzL/feEyaMKu0439bC4tLyymphrbi+sbm1be/sNlScSkzqOGaxbIVIEUYFqWuqGWklkiAeMtIMB9djv/lApKKxuNfDhPgc9QSNKEbaSIG97yGW9FHHSyTlBF7C20B1spPKKLBLTtmZAM4TNyclkKMW2F9eN8YpJ0JjhpRqu06i/QxJTTEjo6KXKpIgPEA90jZUIE6Un00+GMEjo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dOFnVCSpJgJPF0UpgzqG4zhgl0qCNRsagrCk5laI+0girE1oRROCO/vyPGlUyu5puXJ3Vqpe5XEUwAE4BMfABeegCm5ADdQBBo/gGbyCN+vJerHerY9p64KVz+yBP7A+fwBV0JYp</latexit>

μ

Ms

≈ 0 during inflation



Solutions (backgrounds) to the Eqs of Motion

⇥ =

r
2

3


3

12
Hḃ ⌧ 1

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

/ K0
<latexit sha1_base64="YEzDQErUBldo1XyYyDOWvbDxiiw=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJWZKuiy6EZwU8E+oDOWTJq2oZkkJBmhDLPxV9y4UMStn+HOvzHTzkJbDwQO59xL7jmRZFQbz/t2lpZXVtfWSxvlza3tnV13b7+lRaIwaWLBhOpESBNGOWkaahjpSEVQHDHSjsbXud9+JEpTwe/NRJIwRkNOBxQjY6WeexhIJaQRMA1iZEYYMXibPXiw51a8qjcFXCR+QSqgQKPnfgV9gZOYcIMZ0rrre9KEKVKGYkaycpBoIhEeoyHpWspRTHSYTgNk8MQqfTgQyj5u4FT9vZGiWOtJHNnJ/Eo97+Xif143MYPLMKVcJoZwPPtokDBoA+dtwD5VBBs2sQRhRe2tEI+QQtjYzsq2BH8+8iJp1ar+WbV2d16pXxV1lMAROAanwAcXoA5uQAM0AQYZeAav4M15cl6cd+djNrrkFDsH4A+czx/4upX8</latexit>

time evolution of Anomaly

K0 = const.
<latexit sha1_base64="Gz/hMKxVCmVr/1E0QJai89m972E=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFchaQKuhGKbgQ3FewDmlgm00k7dDITZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vvCRNGlXbdb2thcWl5ZbW0Vl7f2Nzatnd2m0qkEpMGFkzIdogUYZSThqaakXYiCYpDRlrh8Grstx6IVFTwOz1KSBCjPqcRxUgbqWsfZH6M9AAjBm/yexdewMyXMcSCK+3kXbviOu4EcJ54BamAAvWu/eX3BE5jwjVmSKmO5yY6yJDUFDOSl/1UkQThIeqTjqEcxUQF2eSNHB4ZpQcjIU1xDSfq74kMxUqN4tB0jm9Ws95Y/M/rpDo6DzLKk1QTjqeLopRBLeA4E9ijkmDNRoYgLKm5FeIBkghrk1zZhODNvjxPmlXHO3Gqt6eV2mURRwnsg0NwDDxwBmrgGtRBA2DwCJ7BK3iznqwX6936mLYuWMXMHvgD6/MH5OuYHQ==</latexit>

Spontaneous 
LV solution

Planck Data  

μ = UV k-momentum Cut-off

H/MPl < 10�4
<latexit sha1_base64="ZNMieTz155CbRaUfedTiyjRjr2w=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsDHuxoAWFkGbNEIE84BkXWYnk2TIzOwyMyuEZRt/xcZCEVs/w86/cZJsoYkHLhzOuZd77wkiRpV2nG8rt7S8srqWXy9sbG5t79i7e00VxhKTBg5ZKNsBUoRRQRqaakbakSSIB4y0gtHNxG89EqloKO71OCIeRwNB+xQjbSTfPqid3fpJV3JYZymEV9B1HpLTSurbRafkTAEXiZuRIshQ9+2vbi/EMSdCY4aU6rhOpL0ESU0xI2mhGysSITxCA9IxVCBOlJdMH0jhsVF6sB9KU0LDqfp7IkFcqTEPTCdHeqjmvYn4n9eJdf/SS6iIYk0Eni3qxwzqEE7SgD0qCdZsbAjCkppbIR4iibA2mRVMCO78y4ukWS6556XyXaVYvc7iyINDcAROgAsuQBXUQB00AAYpeAav4M16sl6sd+tj1pqzspl98AfW5w+bcZR7</latexit>

to ensure constant anomaly
μ / Μs = O(103)

↵0 = M�2
s

<latexit sha1_base64="T0PEe39MTsGwKunYbawl9XstuQ4=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0tSBd0IRTduhAr2AU0aJtNJO3RmEmYmQgl146+4caGIW//CnX/jtM1CWw9cOJxzL/feEyaMKu0439bC4tLyymphrbi+sbm1be/sNlScSkzqOGaxbIVIEUYFqWuqGWklkiAeMtIMB9djv/lApKKxuNfDhPgc9QSNKEbaSIG97yGW9FHHSyTlBF7C20B1spPKKLBLTtmZAM4TNyclkKMW2F9eN8YpJ0JjhpRqu06i/QxJTTEjo6KXKpIgPEA90jZUIE6Un00+GMEjo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dOFnVCSpJgJPF0UpgzqG4zhgl0qCNRsagrCk5laI+0girE1oRROCO/vyPGlUyu5puXJ3Vqpe5XEUwAE4BMfABeegCm5ADdQBBo/gGbyCN+vJerHerY9p64KVz+yBP7A+fwBV0JYp</latexit>

μ

Ms



⇥ =

r
2

3


3

12
Hḃ ⌧ 1

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

/ K0
<latexit sha1_base64="YEzDQErUBldo1XyYyDOWvbDxiiw=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJWZKuiy6EZwU8E+oDOWTJq2oZkkJBmhDLPxV9y4UMStn+HOvzHTzkJbDwQO59xL7jmRZFQbz/t2lpZXVtfWSxvlza3tnV13b7+lRaIwaWLBhOpESBNGOWkaahjpSEVQHDHSjsbXud9+JEpTwe/NRJIwRkNOBxQjY6WeexhIJaQRMA1iZEYYMXibPXiw51a8qjcFXCR+QSqgQKPnfgV9gZOYcIMZ0rrre9KEKVKGYkaycpBoIhEeoyHpWspRTHSYTgNk8MQqfTgQyj5u4FT9vZGiWOtJHNnJ/Eo97+Xif143MYPLMKVcJoZwPPtokDBoA+dtwD5VBBs2sQRhRe2tEI+QQtjYzsq2BH8+8iJp1ar+WbV2d16pXxV1lMAROAanwAcXoA5uQAM0AQYZeAav4M15cl6cd+djNrrkFDsH4A+czx/4upX8</latexit>

time evolution of Anomaly

K0 = const.
<latexit sha1_base64="Gz/hMKxVCmVr/1E0QJai89m972E=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFchaQKuhGKbgQ3FewDmlgm00k7dDITZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vvCRNGlXbdb2thcWl5ZbW0Vl7f2Nzatnd2m0qkEpMGFkzIdogUYZSThqaakXYiCYpDRlrh8Grstx6IVFTwOz1KSBCjPqcRxUgbqWsfZH6M9AAjBm/yexdewMyXMcSCK+3kXbviOu4EcJ54BamAAvWu/eX3BE5jwjVmSKmO5yY6yJDUFDOSl/1UkQThIeqTjqEcxUQF2eSNHB4ZpQcjIU1xDSfq74kMxUqN4tB0jm9Ws95Y/M/rpDo6DzLKk1QTjqeLopRBLeA4E9ijkmDNRoYgLKm5FeIBkghrk1zZhODNvjxPmlXHO3Gqt6eV2mURRwnsg0NwDDxwBmrgGtRBA2DwCJ7BK3iznqwX6936mLYuWMXMHvgD6/MH5OuYHQ==</latexit>

Spontaneous 
LV solution

Planck Data  

μ = UV k-momentum Cut-off

H/MPl < 10�4
<latexit sha1_base64="ZNMieTz155CbRaUfedTiyjRjr2w=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsDHuxoAWFkGbNEIE84BkXWYnk2TIzOwyMyuEZRt/xcZCEVs/w86/cZJsoYkHLhzOuZd77wkiRpV2nG8rt7S8srqWXy9sbG5t79i7e00VxhKTBg5ZKNsBUoRRQRqaakbakSSIB4y0gtHNxG89EqloKO71OCIeRwNB+xQjbSTfPqid3fpJV3JYZymEV9B1HpLTSurbRafkTAEXiZuRIshQ9+2vbi/EMSdCY4aU6rhOpL0ESU0xI2mhGysSITxCA9IxVCBOlJdMH0jhsVF6sB9KU0LDqfp7IkFcqTEPTCdHeqjmvYn4n9eJdf/SS6iIYk0Eni3qxwzqEE7SgD0qCdZsbAjCkppbIR4iibA2mRVMCO78y4ukWS6556XyXaVYvc7iyINDcAROgAsuQBXUQB00AAYpeAav4M16sl6sd+tj1pqzspl98AfW5w+bcZR7</latexit>

Solutions (backgrounds) to the Eqs of Motion

to ensure constant anomaly
μ / Μs = O(103)

μ

Ms

<latexit sha1_base64="kDfTj1euy3pVru4c0A7tMp4BdBo="></latexit>

˙̄
b / ✏

ijk
Hijk = constant



Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  

@ end of 
Inflationary
era 

H = Hinfl ' const.
<latexit sha1_base64="ft8nxyIdJ++ul94CUOiK8vY9+zI=">AAACDXicbVC7SgNBFJ31GeMramkzGAWrsBsFbYSgTcoI5gHZJcxOZpMh81hnZoWw5Ads/BUbC0Vs7e38GyebLTTxwIXDOfdy7z1hzKg2rvvtLC2vrK6tFzaKm1vbO7ulvf2WlonCpIklk6oTIk0YFaRpqGGkEyuCeMhIOxzdTP32A1GaSnFnxjEJOBoIGlGMjJV6peM6vIL1XuorDqmI2AT6mnJyDzMFS6HNpNIrld2KmwEuEi8nZZCj0St9+X2JE06EwQxp3fXc2AQpUoZiRiZFP9EkRniEBqRrqUCc6CDNvpnAE6v0YSSVLWFgpv6eSBHXesxD28mRGep5byr+53UTE10GKRVxYojAs0VRwqCRcBoN7FNFsGFjSxBW1N4K8RAphI0NsGhD8OZfXiStasU7q1Rvz8u16zyOAjgER+AUeOAC1EAdNEATYPAInsEreHOenBfn3fmYtS45+cwB+APn8wf0T5ri</latexit>

<latexit sha1_base64="tdxBwLIi1S6EO9UY2XHvKD5av2I=">AAACJXicbVDLSgMxFM34rPVVdekmWAquyoyIulAouumygm2FTi2ZNNXYTBKSO0IZ5mfc+CtuXFhEcOWvmD4W2nog5HBOLjfnRFpwC77/5S0sLi2vrObW8usbm1vbhZ3dhlWJoaxOlVDmNiKWCS5ZHTgIdqsNI3EkWDPqX4385hMzlit5AwPN2jG5l7zHKQEndQrnYVdBGkbE4CjDoTZKg8Ih05YLJe9S/tjPcLUzuS9wGpoYUyUtEAlZp1D0y/4YeJ4EU1JEU9Q6haFbR5OYSaCCWNsKfA3tlBjgVLAsHyaWaUL75J61HJUkZradjlNmuOSULu4p444EPFZ/T6QktnYQuxilmMCDnfVG4n9eK4HeWTvlUifAJJ0s6iUCuyJGleEuN4yCGDhCqOHur5g+EEMouGLzroRgNvI8aRyVg5Oyf31crFxO68ihfXSADlGATlEFVVEN1RFFz+gVvaOh9+K9eR/e5+Tpgjed2UN/4H3/ANlnphc=</latexit>

˙̄
b / ✏

ijk
Hijk = constant



Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  

@ end of 
Inflationary
era 

H = Hinfl ' const.
<latexit sha1_base64="ft8nxyIdJ++ul94CUOiK8vY9+zI=">AAACDXicbVC7SgNBFJ31GeMramkzGAWrsBsFbYSgTcoI5gHZJcxOZpMh81hnZoWw5Ads/BUbC0Vs7e38GyebLTTxwIXDOfdy7z1hzKg2rvvtLC2vrK6tFzaKm1vbO7ulvf2WlonCpIklk6oTIk0YFaRpqGGkEyuCeMhIOxzdTP32A1GaSnFnxjEJOBoIGlGMjJV6peM6vIL1XuorDqmI2AT6mnJyDzMFS6HNpNIrld2KmwEuEi8nZZCj0St9+X2JE06EwQxp3fXc2AQpUoZiRiZFP9EkRniEBqRrqUCc6CDNvpnAE6v0YSSVLWFgpv6eSBHXesxD28mRGep5byr+53UTE10GKRVxYojAs0VRwqCRcBoN7FNFsGFjSxBW1N4K8RAphI0NsGhD8OZfXiStasU7q1Rvz8u16zyOAjgER+AUeOAC1EAdNEATYPAInsEreHOenBfn3fmYtS45+cwB+APn8wf0T5ri</latexit>

Constant anomaly
during inflation,

no transplanckian
modes !

Restricts Ms range2.6  x 10-5 MPl < Ms ≤  10-4 MPl
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Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

e-foldings
O(55-70)

`



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

Dark
 Ene

rgy

(``ru
nnin

g

vacu
um model

type’
’ (RV

M)) 

`

Can show analytically the De-Sitter type 
equation of state but with H = H(t) slightly 
varying with cosmic  time:

<latexit sha1_base64="L2cYpMXOZHcwXPaMdpRDGRPyrk4="></latexit>

total = b� terms + Grav. Chern� Simons terms

+ Condensate

<latexit sha1_base64="GJ+pwshXGyqgykJbSU71eReKp08=">AAACV3icfVFNTwIxFOwuqIhfoEcvjcQEDpJdQ9SLCdELR0zkI2EJ6ZYCjd3upn1rQjb7J40X/ooXLbAHBONLmkxm3rzXTv1IcA2Os7DsXH5v/6BwWDw6Pjk9K5XPuzqMFWUdGopQ9X2imeCSdYCDYP1IMRL4gvX8t+el3ntnSvNQvsI8YsOATCWfcErAUKOS9FYzEsXGKY5GiacCDCEQkeJqJvmC0LcUt6pQ22yu4Ud8gz01C/9xbZlqo1LFqTurwrvAzUAFZdUelT68cUjjgEmggmg9cJ0IhglRwKlgadGLNYvMJjJlAwMlCZgeJquNKb42zBhPQmWOBLxiNx0JCbSeB77pDAjM9La2JP/SBjFMHoYJl1EMTNL1okksTAZ4GTIec8UoiLkBhCpu7orpjChCwXxF0YTgbj95F3Rv6+5dvfHSqDSfsjgK6BJdoSpy0T1qohZqow6i6BN9WTkrby2sb3vfLqxbbSvzXKBfZZd/AKKWtNY=</latexit>

ptotal(H(t)) = �⇢total(H(t))
Shapiro-Solà

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
(cf. spares RVM evol)

`

Dark
 Ene

rgy

(``ru
nnin

g

vacu
um model

type’
’ (RV

M)) 

But slow roll is due to the KR axion field 

No external
inflaton fields



RUNNING VACUUM MODEL 

<latexit sha1_base64="K7x+cWIHDUUPXRm8jCq0FTCh+Kk="></latexit>

G =
~ c
M2

P

, MP = 1.22⇥ 1019 GeVc�2

<latexit sha1_base64="05KWMZM9m3kqdGdZVWFcIXFfUDM="></latexit>

Rµ⌫ � 1

2
gµ⌫ R = 8⇡G(Tmatter

µ⌫ + gµ⌫
⇤

8⇡G
)

<latexit sha1_base64="4EeThmh4OtSqNl8AeYb7oN7fBx0="></latexit>

1/
p
8⇡G = MPl = reduced Planck mass

<latexit sha1_base64="UKQJyFkiV0C0bqzs9KH4D+JoqGs="></latexit>

Tµ⌫ = p gµ⌫ + (⇢+ p)Uµ U⌫ ⌘ Tmatter
µ⌫ +

⇤

8⇡G
⇢ = energy density, p = pressure density

Uµ = observer0s velocity w.r.t. cosmic frame

total stress-energy
tensor, including
vacuum terms

<latexit sha1_base64="he47Am3WdW38MFw6/+5WQ92s9ws="></latexit>

rµ Tµ⌫ = 0 energy �momentum density conservation

Running vacuum: Λ à Λ(t) cosmic-time dependent

(t)<latexit sha1_base64="uTK4Y1d5to4OqsIDBdVLk+Q0Xao=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RTAxmlzA7mU2GzMwu8xDCkr/w4kERr/6NN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w/aOrWK0BZJeao6MdaUM0lbhhlOO5miWMScPsSjm6n/8ESVZqm8N+OMRgIPJEsYwcZJj4NeHgobSjvpVWt+3Z8BLZOgIDUo0OxVv8J+Sqyg0hCOte4GfmaiHCvDCKeTSmg1zTAZ4QHtOiqxoDrKZxdP0IlT+ihJlStp0Ez9PZFjofVYxK5TYDPUi95U/M/rWpNcRTmTmTVUkvmixHJkUjR9H/WZosTwsSOYKOZuRWSIFSbGhVRxIQSLLy+T9lk9uKj7d+e1xnURRxmO4BhOIYBLaMAtNKEFBCQ8wyu8edp78d69j3lryStmDuEPvM8f+paRHg==</latexit>gµ⌫

(t)

CF.
Shapiro + Solà
Sola + ...(2000)

Total energy: 
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Cosmological Evolution of RVM

Solution

Early de Sitter
(unstable) 

Radiation

Late dark-Energy
dominated era c0 dominant

Basilakos, Lima,
Sola + Gomez Valent 

m = matter, radiation

<latexit sha1_base64="he47Am3WdW38MFw6/+5WQ92s9ws="></latexit>

rµ Tµ⌫ = 0 energy �momentum density conservation

CF.



Cosmological Evolution of RVM

Solution

Early de Sitter
(unstable) 

Radiation

Late dark-Energy
dominated era c0 dominant

NEM, Solà

m = stiff axion in stringy RVM 

<latexit sha1_base64="he47Am3WdW38MFw6/+5WQ92s9ws="></latexit>

rµ Tµ⌫ = 0 energy �momentum density conservation

CF.



Cosmological Evolution of RVM

Solution

Early de Sitter
(unstable) 

Radiation

Late dark-Energy
dominated era c0 dominant

m = matter, radiation, stiff axion

<latexit sha1_base64="he47Am3WdW38MFw6/+5WQ92s9ws="></latexit>

rµ Tµ⌫ = 0 energy �momentum density conservation

CF.



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

Dark
 Ene

rgy

(``ru
nnin

g

vacu
um model

type’
’ (RV

M)) 

But slow roll is due to the KR axion field 

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

NEM, Solà
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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

`



Solutions (backgrounds) to the Eqs of Motion

@ end of 
Inflationary
era 

H = Hinfl ' const.
<latexit sha1_base64="ft8nxyIdJ++ul94CUOiK8vY9+zI=">AAACDXicbVC7SgNBFJ31GeMramkzGAWrsBsFbYSgTcoI5gHZJcxOZpMh81hnZoWw5Ads/BUbC0Vs7e38GyebLTTxwIXDOfdy7z1hzKg2rvvtLC2vrK6tFzaKm1vbO7ulvf2WlonCpIklk6oTIk0YFaRpqGGkEyuCeMhIOxzdTP32A1GaSnFnxjEJOBoIGlGMjJV6peM6vIL1XuorDqmI2AT6mnJyDzMFS6HNpNIrld2KmwEuEi8nZZCj0St9+X2JE06EwQxp3fXc2AQpUoZiRiZFP9EkRniEBqRrqUCc6CDNvpnAE6v0YSSVLWFgpv6eSBHXesxD28mRGep5byr+53UTE10GKRVxYojAs0VRwqCRcBoN7FNFsGFjSxBW1N4K8RAphI0NsGhD8OZfXiStasU7q1Rvz8u16zyOAjgER+AUeOAC1EAdNEATYPAInsEreHOenBfn3fmYtS45+cwB+APn8wf0T5ri</latexit>

Undiluted KR axion background
at the end of Inflation



Solutions (backgrounds) to the Eqs of Motion

@ end of 
Inflationary
era 

H = Hinfl ' const.
<latexit sha1_base64="ft8nxyIdJ++ul94CUOiK8vY9+zI=">AAACDXicbVC7SgNBFJ31GeMramkzGAWrsBsFbYSgTcoI5gHZJcxOZpMh81hnZoWw5Ads/BUbC0Vs7e38GyebLTTxwIXDOfdy7z1hzKg2rvvtLC2vrK6tFzaKm1vbO7ulvf2WlonCpIklk6oTIk0YFaRpqGGkEyuCeMhIOxzdTP32A1GaSnFnxjEJOBoIGlGMjJV6peM6vIL1XuorDqmI2AT6mnJyDzMFS6HNpNIrld2KmwEuEi8nZZCj0St9+X2JE06EwQxp3fXc2AQpUoZiRiZFP9EkRniEBqRrqUCc6CDNvpnAE6v0YSSVLWFgpv6eSBHXesxD28mRGep5byr+53UTE10GKRVxYojAs0VRwqCRcBoN7FNFsGFjSxBW1N4K8RAphI0NsGhD8OZfXiStasU7q1Rvz8u16zyOAjgER+AUeOAC1EAdNEATYPAInsEreHOenBfn3fmYtS45+cwB+APn8wf0T5ri</latexit>

Undiluted KR axion background
at the end of Inflation

Important for Leptogenesis @ radiation era

Spontaneous LV
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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)

`



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)

`



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Chiral current, including RHN

(Mixed) Anomaly equation

includes possible
chiral U(1) or QCD-type
anomalies

<latexit sha1_base64="uk2VMyBb0c+L4R4eneghmm+RPck=">AAACBXicbVBNS8NAEN3Ur1q/oh71ECyCp5KIoseiF48V7Ac0sUy2m3bpZrPsboQScvHiX/HiQRGv/gdv/hu3bQ7a+mDg8d4MM/NCwajSrvttlZaWV1bXyuuVjc2t7R17d6+lklRi0sQJS2QnBEUY5aSpqWakIySBOGSkHY6uJ377gUhFE36nx4IEMQw4jSgGbaSefehHEnDmAxNDuPeFpDHJM38EQkDes6tuzZ3CWSReQaqoQKNnf/n9BKcx4RozUKrruUIHGUhNMSN5xU8VEYBHMCBdQznERAXZ9IvcOTZK34kSaYprZ6r+nsggVmoch6YzBj1U895E/M/rpjq6DDLKRaoJx7NFUcocnTiTSJw+lQRrNjYEsKTmVgcPwcSiTXAVE4I3//IiaZ3WvPOae3tWrV8VcZTRATpCJ8hDF6iOblADNRFGj+gZvaI368l6sd6tj1lrySpm9tEfWJ8/qWmZUQ==</latexit>

↵0



Gauge terms do not contribute to stress tensor 
à do not affect diffeomorphism invariance



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Chiral current, including RHN

chiral U(1)           Gluon QCD

<latexit sha1_base64="uk2VMyBb0c+L4R4eneghmm+RPck=">AAACBXicbVBNS8NAEN3Ur1q/oh71ECyCp5KIoseiF48V7Ac0sUy2m3bpZrPsboQScvHiX/HiQRGv/gdv/hu3bQ7a+mDg8d4MM/NCwajSrvttlZaWV1bXyuuVjc2t7R17d6+lklRi0sQJS2QnBEUY5aSpqWakIySBOGSkHY6uJ377gUhFE36nx4IEMQw4jSgGbaSefehHEnDmAxNDuPeFpDHJM38EQkDes6tuzZ3CWSReQaqoQKNnf/n9BKcx4RozUKrruUIHGUhNMSN5xU8VEYBHMCBdQznERAXZ9IvcOTZK34kSaYprZ6r+nsggVmoch6YzBj1U895E/M/rpjq6DDLKRaoJx7NFUcocnTiTSJw+lQRrNjYEsKTmVgcPwcSiTXAVE4I3//IiaZ3WvPOae3tWrV8VcZTRATpCJ8hDF6iOblADNRFGj+gZvaI368l6sd6tj1lrySpm9tEfWJ8/qWmZUQ==</latexit>
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Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Chiral current, including RHN

chiral U(1)           Gluon QCD

<latexit sha1_base64="uk2VMyBb0c+L4R4eneghmm+RPck=">AAACBXicbVBNS8NAEN3Ur1q/oh71ECyCp5KIoseiF48V7Ac0sUy2m3bpZrPsboQScvHiX/HiQRGv/gdv/hu3bQ7a+mDg8d4MM/NCwajSrvttlZaWV1bXyuuVjc2t7R17d6+lklRi0sQJS2QnBEUY5aSpqWakIySBOGSkHY6uJ377gUhFE36nx4IEMQw4jSgGbaSefehHEnDmAxNDuPeFpDHJM38EQkDes6tuzZ3CWSReQaqoQKNnf/n9BKcx4RozUKrruUIHGUhNMSN5xU8VEYBHMCBdQznERAXZ9IvcOTZK34kSaYprZ6r+nsggVmoch6YzBj1U895E/M/rpjq6DDLKRaoJx7NFUcocnTiTSJw+lQRrNjYEsKTmVgcPwcSiTXAVE4I3//IiaZ3WvPOae3tWrV8VcZTRATpCJ8hDF6iOblADNRFGj+gZvaI368l6sd6tj1lrySpm9tEfWJ8/qWmZUQ==</latexit>
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Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
Cosmic
Time

Cancellation of GA

Matter Era Possible potential generation for b à axion Dark matter

Instanton-effects-induced
KR-axion potential and mass
due to QCD chiral anomaly

fo
rw

ar
d 

di
re

ct
io
n

@ QCD
Era

T~ 200 MeV

`
CF:

2.6  x 10-5 MPl < Ms ≤  10-4 MPl

<latexit sha1_base64="GZ66pll82CzZHd6u+rqgfal1mNQ=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQQUsiRd0IRTfurGAf0MQwmU7boTNJmJkIJeQL3Pgrblwo4ta1O//GSZuFVg9cOJxzL/fe40eMSmVZX0ZhYXFpeaW4Wlpb39jcMrd32jKMBSYtHLJQdH0kCaMBaSmqGOlGgiDuM9Lxx5eZ37knQtIwuFWTiLgcDQM6oBgpLXlmhXs+PIcOR2qEEYPXVdu6S47q6QF0DmHiCA5JO/XMslWzpoB/iZ2TMsjR9MxPpx/imJNAYYak7NlWpNwECUUxI2nJiSWJEB6jIelpGiBOpJtM30lhRSt9OAiFrkDBqfpzIkFcygn3dWd2tpz3MvE/rxerwZmb0CCKFQnwbNEgZlCFMMsG9qkgWLGJJggLqm+FeIQEwkonWNIh2PMv/yXt45p9Uqvf1MuNizyOItgD+6AKbHAKGuAKNEELYPAAnsALeDUejWfjzXiftRaMfGYX/ILx8Q04Ppm1</latexit>

mb = O(10�4) eV



Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
Cosmic
Time

Matter Era Possible potential generation for b à axion Dark matter

fo
rw

ar
d 

di
re

ct
io
n

KR (gravitational or model-independent) axions
connected to ``torsion’’ in string theory 
à Geometrical origin of Dark Matter 

Dark Matter

`

Stringy gravitational Axions
+ torsion

CF:



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Eqs of Motion for b-field  à
Possibly also QCD

Possibly also QCD type 

Chiral current, including RHN

Scale factor  a(t) ~ T-1

and/or QCD type

<latexit sha1_base64="uk2VMyBb0c+L4R4eneghmm+RPck=">AAACBXicbVBNS8NAEN3Ur1q/oh71ECyCp5KIoseiF48V7Ac0sUy2m3bpZrPsboQScvHiX/HiQRGv/gdv/hu3bQ7a+mDg8d4MM/NCwajSrvttlZaWV1bXyuuVjc2t7R17d6+lklRi0sQJS2QnBEUY5aSpqWakIySBOGSkHY6uJ377gUhFE36nx4IEMQw4jSgGbaSefehHEnDmAxNDuPeFpDHJM38EQkDes6tuzZ3CWSReQaqoQKNnf/n9BKcx4RozUKrruUIHGUhNMSN5xU8VEYBHMCBdQznERAXZ9IvcOTZK34kSaYprZ6r+nsggVmoch6YzBj1U895E/M/rpjq6DDLKRaoJx7NFUcocnTiTSJw+lQRrNjYEsKTmVgcPwcSiTXAVE4I3//IiaZ3WvPOae3tWrV8VcZTRATpCJ8hDF6iOblADNRFGj+gZvaI368l6sd6tj1lrySpm9tEfWJ8/qWmZUQ==</latexit>

↵0


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by:

Chiral Fermionic Matter generation @ end of Inflation
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Consistent with stringent phenomenological limits of torsion,  LV & CPTV
today in the context of standard model extension



Lorentz & 
CPT Violation 

STANDARD MODEL 
EXTENSION EFT

Spontaneous Violation of Lorentz Symmetry 
(LV coefficients are v.e.v. of tensor-valued field quantities )
B0 ≈  constant is H-torsion background  in our model

Kostelecky, Bluhm, Colladay, 
Lehnert, Potting, Russell et al. 

In presence of fermions KR (approx. constant) background                              
couples to axial-fermion current  

CF.

B0
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/ @µbJ
5µ

Bμ

}



B0 :   (scale factor a(t)                  ),  T=cosmic temperature

Quite safe from stringent 
Experimental Bounds 

|B0| < 10�2 eV
Bi ⌘ bi < 10�31 GeV

If chiral U(1)
anomalies  present  

B0 ⇠ T 2
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vs

chiral anomalies 
Absent”  B0  

~  T3 

Taking into account Earth’s Veliocity
relative to CMB frame (400 – 800 km/s) :

<latexit sha1_base64="kpl8CTjdfRwdQqrSnLbXO1iubj8=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVoSSi6EYo6caNUME+oIlhMp20Q2eSMDMplJCPcOOvuHGhiFsX7vwbp4+Fth64cDjnXu69J0gYlcqyvo2l5ZXVtfXCRnFza3tn19zbb8o4FZg0cMxi0Q6QJIxGpKGoYqSdCIJ4wEgrGNTGfmtIhKRxdK9GCfE46kU0pBgpLfnmqePTBzcRlBN4DctuKBDOhlrLXMFh7dbJ8wznJ9DxLeibJatiTQAXiT0jJTBD3Te/3G6MU04ihRmSsmNbifIyJBTFjORFN5UkQXiAeqSjaYQ4kV42eSqHx1rpwjAWuiIFJ+rviQxxKUc80J0cqb6c98bif14nVeGVl9EoSRWJ8HRRmDKoYjhOCHapIFixkSYIC6pvhbiPdC5K51jUIdjzLy+S5lnFvqhYd+elqjOLowAOwREoAxtcgiq4AXXQABg8gmfwCt6MJ+PFeDc+pq1LxmzmAPyB8fkDcPSdKQ==</latexit>

B0
i = (

vCMB
i

c
)B0
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B0 ⇠ M�1
Pl ḃ ⇠ 1/a3(t) ⇠ T 3

∝ 1/𝑇

matching with exit from inflation & requirement
for leptogenesis (see below) 



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Eqs of Motion for b-field  à

Viewed as sufficiently slow varying to induce Leptogenesis Bossingham, NEM,
Sarkar (2018)

Possibly also QCD

Possibly also QCD type 

Chiral current, including RHN
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Scale factor  a(t) ~ T-1
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Lorentz- & CPT-Violating

Leptogenesis à

àBaryogenesis

in models with Massive
Right-handed Neutrinos

For more details, see:

Sarben Sarkar’s 

talk this afternoon



Early Universe
T >> TEW

Heavy RHN interact with axial constant background 

with only temporal component B0 ≠ 0 

NEM, Sarkar, 
+ de Cesare, Bossingham
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Early Universe
T >> TEW

Heavy RHN interact with axial constant background 

with only temporal component B0 ≠ 0 

NEM, Sarkar, 
+ de Cesare, Bossingham

sufficiently slowly varying during 
leptogenesis (brief) epoch à

Approximately constant B0-background

m



CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

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

Heavy RHN interact with axial 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

Constant B0 Background

Contrast with one-loop
conventional 

CPV Leptogenesis
(in absence of H-torsion)

m

Fukugita, Yanagida,

+

NI ! � ` , � `
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Starting from an anomalous gravitational theory, which arises 
in the low-energy limit of string theory (The WHOLE), we have shown:

(i) how the (totally antisymmetric) Kalb-Ramond torsion in (3+1)-dimensions
is equivalent to an axion-like field

(ii)  how spontaneous LIV and CPTV can arise from condensation
of gravitational waves, which in turn leads to condensation of 
the anomalous gravitational CP-violating Chern-Simons terms
in the action. 

(iii) how these considerations lead to a consistent cosmology of ``running
vacuum model (RVM)’’, leading to:

(a) inflation without inflatons, 

(b) LIV & CPTV Leptogenesis in this non-Riemannian 
geometric setting at post inflationary epochs.

(c) RVM Cosmology at modern eras – observable deviations from ΛCDM
Resolution of cosmological data tensions? 
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Can be shown that
that stringy RVM
characterizes also
post inflationary 
era but with ν >0
(e.g. due to cosmic
e/m field contributions)

Distinguishing feature from ΛCDM
Alleviate current-epoch data tensions

⌫ = O(10�3)

O(10�4) . ↵ . O(1)

3

2
c0 ' 10�122 M4

Pl
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Gomez-Valent, Sola
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Running RVM 
Dark Energy

`

_
M4Pl
Not dominant today

0
0

Could 
Alleviate

Tensions in
Data, e.g.

H0 , σ8
tensions

This Photo by Unknown Author is licensed under CC BY-SA

Consistent with cosmo data

0 <

NB :

https://fr.wikipedia.org/wiki/Fichier:Xmark01.svg
https://creativecommons.org/licenses/by-sa/3.0/


Alleviation of the S8 , σ8 tension by RVM model 

Sola, Gomez-Valent,
Cruz, Moreno-Pulido, 
Planck 2018

Basilakos, Tsiapi
(Planck data 2015)

`



Alleviation of the S8 , σ8 tension by RVM model 

Sola, Gomez-Valent,
Cruz, Moreno-Pulido, 
Planck 2018

Basilakos, Tsiapi
(Planck data 2015)
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Relevant for Cosmological observation/phenomenology up to and including H4

⌫ = O(10�3)
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Sola, Gomez Valent 
Basilakos, Tsiapi, ... 

NB:  Type II RVM: mild (e.g. logarithmic)     
dependence of Gravitational ``constant’’ 
κ2 = κ2(H)



Implemented in stringy RVM  via graviton quantum 
fluctuations which  result in  ln(H) corrections in  
coefficients ν & α in the effective potential of (one-loop) QG
but not  κ(Η) à difference from type II RVM

STRINGY RUNNING VACUUM MODEL & RVM type II

Relevant for Cosmological observation/phenomenology up to and including H4

⌫ = O(10�3)

O(10�4) . ↵ . O(1)

3

2
c0 ' 10�122 M4

Pl
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Sola, Gomez Valent 
Basilakos, Tsiapi, ... 

NB:  Type II RVM: mild (e.g. logarithmic)     
dependence of Gravitational ``constant’’ 
κ2 = κ2(H)

NEM + Solà (2021),
NEM

Alexandre, Houston 
NEM (2014)
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Interesting Cosmology 

(eg Marsh 2015)
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OUTLOOK: (ii) Look for imprints of the 
LV & CPT KR axial background in CMB

in early eras.

No initial singularity
(stringy reasons- higher curvature terms)
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OUTLOOK: (iii) Can we also get evidence of
ν < 0 coefficient of H2  during RVM inflation?
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OUTLOOK: (iv) Possible Effects of 
stringy axions with periodic  (instanton-induced) 
potentials in abundant production of 
primordial BH during RVM  inflation 
& effects on GW spectrum? 
NEM, arxiv: 2111.05675, Universe to appear

No initial singularity
(stringy reasons- higher curvature terms)
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OUTLOOK: Incorporate other 
model-dependent stringy

axions à Axiverse
Interesting Cosmology 

(eg Marsh 2015)
could be ultralight à AION etc

Thank you !
No initial singularity

(stringy reasons- higher curvature terms)
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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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Constant B0 ≠ 0 
background

Solving 
system
of Boltzmann
eqs

consistent with :
light neutrino masses in SM +
stability of Higgs vacuum 
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CPT Violation 

Produce Lepton asymmetry 

Observed Baryon Asymmetry 
In the Universe  (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions
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Renormalization-Group-like equation for the evolution of  vacuum  energy density
Hubble parameter H(t) ßà RG scale μ

RUNNING VACUUM MODEL (RVM) for the UNIVERSE  
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Cosmological Evolution of RVM

m = matter, radiation

Basilakos, Lima,
Sola + Gomez Valent
+ ...  (2013 - 2018 )
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Relevant for Cosmological observation/phenomenology up to and including H4

Dominant in early Universe à drives inflation 
à no need for external inflatons

Basilakos, 
Lima ,Sola + ...

includes scalar d.o.f.
``anomaly condensate’’ 

Basilakos
NEM, Sola 
(2019-20)

NB: In string-inspired running vacuum 
the coefficients ν and α are not constant 
throughout the evolution:
Inflationary phase: ν < 0 , α > 0
post inflationary phases: ν > 0 , α > 0


