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1. Outline



v The (string-inspired) Model : Chern-Simons gravity with gravitational                                                  
      axions

v Origin of  Gravitational Anomalies 

v The role of  primordial gravitational waves in inducing complex 
gravitational anomaly condensates – weak quantum gravity estimates

v Induced Linear-axion monodromy inflation of  Running-Vacuum-Model  
    (RVM) type  (metastable de Sitter vacuum, compatible with swampland)

v Gravitational anomaly condensates and matter-antimatter asymmetry
     (i.e. reason for our existence)

v Conclusions: a flash of  the entire cosmological history of  this Universe
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v Induced Linear-axion monodromy inflation of  Running-Vacuum-Model  
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v Gravitational anomaly condensates and matter-antimatter asymmetry
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v Conclusions: a flash of  the entire cosmological history of  this Universe

v Conjecture: current-era accelerated expansion of  the Universe as a PT 
symmetric phase of  Chern-Simons gravity  ? à Sarben Sarkar’s talk



2. The Model:
String-inspired

Chern-Simons gravity



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

U(1) gauge symmetry
Bμν à Βμν + 𝜕[μ θ ν]
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generalised 
curvature

4-DIM 
action 

Φ = constant
throughout
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Kaloper, Olive
Svrcek, Witten
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Effective Actions & Anomaly Cancellation – Addition of Counterterms

String Anomaly Cancellation requires modification in definition of Hμνρ

Modified Bianchi Constraint

Green, Schwarz

H

α’ = Μs
-2

x

xΦ = constant throughout, e.g. à 0



α’ = Μs-2

Effective Actions & Anomaly Cancellation – Addition of Counterterms

String Anomaly Cancellation requires modification in definition of Hμνρ

Modified Bianchi Constraint

Implement in path-integral  as a field theory δ(...) via 
Lagrange multiplier  b(x)  pseudoscalar (axion-like) field
(Kalb-Ramond (KR) Axion) becomes dynamical after H-torsion integration

Green, Schwarz

≠ 0 

H

Φ = constant throughout, e.g. à 0 x

x



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

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )
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Effective action 
after H-torsion (exact) 
path-integration

KR-axion anomalous 
CP-conserving interaction with gravity
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Anomaly terms 
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Anomalies in Quantum Field Theory: 

Classical Symmetry à Conserved Current 

Quantum Theory: Failure of current conservation in 
ANY REGULARIZATION of the quantum theory 

or equivalently:

Path-Integral measure NOT INVARIANT under symmetry transformation 

OF INTEREST HERE: GAUGE & GRAVITATIONAL
                                     CHIRAL ANOMALIES

CHIRAL FERMIONIC LOOP in graphs with
 1+D/2 external legs (gauge fields or gravitons)
in D- space-time dimensions D=4 à triangular graphs

Alvarez-Gaume, Witten

NB:

Fujikawa
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gravitational
covariant derivative
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Axial Current
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Axion coupling  

<latexit sha1_base64="gOSqlKceh9HDlTBuc8p5JvbCmo8=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIVI9FLx4r2A9oQ9hsN+3SzSbsbpQS81O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5tkpr6xubW+Xtys7u3v6BXT3sqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3Mz87gOVisXiXk8T6kV4JFjICNZG8u3qQDA0CCUmmZtnoR/kvl1z6s4caJW4BalBgZZvfw2GMUkjKjThWKm+6yTay7DUjHCaVwapogkmEzyifUMFjqjysvnpOTo1yhCFsTQlNJqrvycyHCk1jQLTGWE9VsveTPzP66c6vPIyJpJUU0EWi8KUIx2jWQ5oyCQlmk8NwUQycysiY2xy0CatignBXX55lXTO626j3ri7qDWvizjKcAwncAYuXEITbqEFbSDwCM/wCm/Wk/VivVsfi9aSVcwcwR9Ynz8lBpPz</latexit>

3 1

fb

e.g. gravitational axion 

<latexit sha1_base64="p40KXUjiHfwjmjAtSJUqJ3bCD/Y="></latexit>

fb = 96

r
3

2



↵0 = 96

r
3

2

M2
s

MPl



Mixed Anomalies (Gravitational + Gauge)

rµJ
5µ =
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gravitational
covariant derivative

Anomaly terms are total derivatives – can couple to axion-like fields b  

Axial Current

Contributions to Stress tensor    YES                                 NO 

NB:

c1

<latexit sha1_base64="gOSqlKceh9HDlTBuc8p5JvbCmo8=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIVI9FLx4r2A9oQ9hsN+3SzSbsbpQS81O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5tkpr6xubW+Xtys7u3v6BXT3sqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3Mz87gOVisXiXk8T6kV4JFjICNZG8u3qQDA0CCUmmZtnoR/kvl1z6s4caJW4BalBgZZvfw2GMUkjKjThWKm+6yTay7DUjHCaVwapogkmEzyifUMFjqjysvnpOTo1yhCFsTQlNJqrvycyHCk1jQLTGWE9VsveTPzP66c6vPIyJpJUU0EWi8KUIx2jWQ5oyCQlmk8NwUQycysiY2xy0CatignBXX55lXTO626j3ri7qDWvizjKcAwncAYuXEITbqEFbSDwCM/wCm/Wk/VivVsfi9aSVcwcwR9Ynz8lBpPz</latexit>

3 1

fb



Gravitational Anomalies & Diffeomorphism Invariance  

Topological,
does NOT
contribute to
stress tensor

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

Z
d4x

p
�g b(x)
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not necessarily 
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contributions
to vacuum energy



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

Basilakos, NEM,
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Chiral Fermionic matter & radiation fields are supposed to be generated
by the decay of  the false (running) vacuum (cf  below) at the end of  inflation 



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

Basilakos, NEM,
Solà (2019-20)

absent before 
formation of GW

No potential for KR axion before generation of GW 

à stiff-matter, equation of state w=+1
àstiff-axion-matter dominance

during very early (pre-inflationary) 
Universe

NB: 
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absent before 
formation of GW

No potential for KR axion before generation of GW 

à stiff-matter, equation of state w=+1
àstiff-axion-matter dominance

during very early (pre-inflationary) 
Universe

c.f. Zeldovic
h

but for
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Primordial Gravitational Waves
Potential Origins in pre-inflationary era?

(i) merging of primordial Black Holes formed 
 from collapse of massive brane/stringy defects 

 

NEM,Solà 
EPJ-ST 
(2020) 

Carr, Garcia-Bellido,
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Primordial Gravitational Waves
Potential Origins in pre-inflationary era?
 (ii) Collapse/collisions of Domain walls formed in 
theories with (approxmate) discrete symmetry 

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

NEM,Solà 
EPJ-ST 
(2020) 

Zeldovich,Kobzarev, Okun,
Kibble,Vilenkin,  Sikivie,
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SUGRA  broken
gravitino  
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RVM GW-induced Inflation 
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Primordial Gravitational Waves 

Non-trivial if 
GW present



3.Gravitational waves
&

Grav. Anomaly 
condensates



Stringy gravitational Axions
+ torsion 

Gravitatio
nal

anomalies 

Primordialgravitationalwaves

The Parts

Condensation due
 to Quantum Gravity ?

Basilakos, NEM, Solà
Dorlis, NEM, Vlachos
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The Model in Early Universe:
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Chern-Simons (gCS) 

quantum ordered

Cosmological-
Constant-likeCondensate < ...> of 

Gravitational Anomalies 
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Effective action contains CP violating axion-like coupling 
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Effective action contains CP violating axion-like coupling 

Average 
over inflationary 
space time in the 
presence of 
primordial 
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time evolution of AnomalyPlanck Data  
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time evolution of Anomaly
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Solutions (backgrounds) to the Eqs of Motion
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Parametrisation

How can we estimate ε ?
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constant

(cf. string/brane theory linear axion monodromy potentials: 
Silverstein, Mc Allister, Westphal, …,  but here different origin )

Dorlis, NEM, Vlachos, arXive:2403.09005 [gr-qc], PRD 110 (2024) , 063512

https://arxiv.org/abs/2403.09005
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2404.18741 (PoS Corfu 2023)NB: Metastable Inflationary Vacua 

Compatibility with swampland (Ooguri, Vafa, …)
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2404.18741 (PoS Corfu 2023)NB: Metastable Inflationary Vacua 

Compatibility with swampland (Ooguri, Vafa, …)

Quantum chiral GW computation yields a non-Hermitian Chern-Simons-anomaly operator

Quantum commutators

Quantum commutators
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Compatibility with swampland (Ooguri, Vafa, …)
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2404.18741 (PoS Corfu 2023)NB: Metastable Inflationary Vacua 

They induce imaginary parts in the Hamiltonian of GW 
perturbations

TE = Euclidean time

Compatibility with swampland (Ooguri, Vafa, …)



NB: Metastable Inflationary Vacua 
Dorlis, NEM, Vlachos

2404.18741 (PoS Corfu 2023)

Life time of Inflationary vacua 

To ensure                                                   (phenomenologically consistent
                                                                    inflation duration) 

Restriction on the string scale 
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Solutions (backgrounds) to the Eqs of Motion

@ end of 
Inflationary
era 

H = Hinfl ' const.
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ijk

Spontaneous 
LV solution
(constant spatial 
components of H-torsion)

≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

ε = Ο(10-2)
Parametrisation

Hence
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Undiluted KR axion background
at the end of Inflation

Important for Leptogenesis @ radiation era



5. Post-inflationary
RVM era &

Matter-antimatter
asymmetry

or: do we exist because of gravitational anomalies?
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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 moving to induce Leptogenesis Bossingham, NEM,
Sarkar (2018)

Possibly also QCD

Possibly also QCD type 

Chiral current, including RHN

Scale factor a(t) ~ T-1 
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Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

Basilakos, NEM,Solà (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



Lorentz- & CPT-Violating

Leptogenesis à 

àBaryogenesis

in models with Massive
Right-handed Neutrinos



Early Universe
T >> TEW  

NEM, Sarkar, 
+ de Cesare, Bossingham

m



Lorentz & 
CPT Violation 

Early Universe
T >> TEW  

Heavy RHN interact with axial (approximately) constant background 

with only temporal component B0 ≠ 0 

NEM, Sarkar, 
+ de Cesare, Bossingham

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. 

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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CPTV Thermal Leptogenesis

CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

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

m

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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background

Solving 
system
of Boltzmann
 eqs

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



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

Constant B0 ≠ 0 
background

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

Bossingham, NEM,
Sarkar

Solving 
system
of Boltzmann
 eqs



CPTV Thermal Leptogenesis

CPT Violation 

Produce Lepton asymmetry 

Early Universe
T > 105 GeV  

Lepton number & CP Violations @ tree-level 
due to Lorentz/CPTV Background
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Constant B0 ≠ 0 
background

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

Bossingham, NEM,
Sarkar

Solving 
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of Boltzmann
 eqs

This Leptogenesis scenario 
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existing scenarios of Leptogenesis
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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
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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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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
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Early Universe
T >> TEW  

NB: in our stringy models this mass could be 
generated dynamically, e.g. through non-perturbative 
instanton effects that break shift-symmetry by coupling 
KR axions to right-handed neutrinos

NEM, Sarkar, 
+ de Cesare, Bossingham

m

NEM, Pilaftsis

NB:



Early Universe
T >> TEW  

NB: in our stringy models this mass could be 
generated dynamically, e.g. through non-perturbative 
instanton effects that break shift-symmetry by coupling 
KR axions to right-handed neutrinos

NEM, Sarkar, 
+ de Cesare, Bossingham

m

NEM, Pilaftsis

NR NR (NR )C (NR )C

Radiatively-induced RHN mass

NB:



6. The Whole:
Stringy-RVM

Cosmological
Evolution
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Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Solà
Cosmic
Time

Primordial 
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KR axial  backround 

 chiral matter
 generation
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Cancellation of GAB0 / T 3
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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,

PT symmetric gravity phase
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