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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 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



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
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Kaloper, Olive
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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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KR-axion anomalous 
CP-conserving interaction

Inclusion of Fermions

Axial Current
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vielbeins

cf. classically in 4 dim: 

torsion

b-field ``dual’’ to H-torsion
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Anomaly terms 



3. Gravitational 
(Chern-Simons) 

Anomalies



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



Mixed Anomalies (Gravitational + Gauge)

rµJ
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covariant derivative

Anomaly terms are total derivatives:  

Axial Current
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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

NB:

c1

Axion coupling  
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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
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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)

<latexit sha1_base64="z30tsQnpP3gtrHfJsVnjGYqnAEg=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCEVCaqkVIKxgoWxSPQhNaFyHKdYdZxgO6hV1JmFX2FhACFWvoCNv8FtM0DLkSwfnXOv7r3HixmVyrK+jdzC4tLySn61sLa+sbllbu80ZZQITBo4YpFoe0gSRjlpKKoYaceCoNBjpOX1L8d+64EISSN+o4YxcUPU4zSgGCktdc19h3IF/dsqHEDnGDryXqj0pDfS3CsNjvTXNYtW2ZoAzhM7I0WQod41vxw/wklIuMIMSdmxrVi5KRKKYkZGBSeRJEa4j3qkoylHIZFuOjllBA+14sMgEvrpxSbq744UhVIOQ09XhkjdyVlvLP7ndRIVnLsp5XGiCMfTQUHCoIrgOBfoU0GwYkNNEBZU7wrxHRIIK51eQYdgz548T5qVsn1arlxXi7WLLI482AMHoARscAZq4ArUQQNg8AiewSt4M56MF+Pd+JiW5oysZxf8gfH5A5HGmEM=</latexit>

Cotton tensor 

Traceless Jackiw, Pi (2003)
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Cotton tensor 

Traceless

Gravitatio
nal
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not necessarily 
positive 
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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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,
Sola (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
 baryo

ns

in his m
odel

NB: 

`



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

Basilakos, NEM,
Sola (2019-20)

Primordial Gravitational Waves 

`



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

Basilakos, NEM,
Sola (2019-20)

Primordial Gravitational Waves
Potential Origins in pre-inflationary era? 

NEM,Sola 
EPJ-ST 
(2020) 

`

`



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

Basilakos, NEM,
Sola (2019-20)

Primordial Gravitational Waves
Potential Origins in pre-inflationary era?

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

 

NEM,Sola 
EPJ-ST 
(2020) 

`

`



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

Basilakos, NEM,
Sola (2019-20)

Primordial Gravitational Waves
Potential Origins in pre-inflationary era?

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

 

NEM,Sola 
EPJ-ST 
(2020) 

`

`

Carr, Garcia-Bellido,
Khlopov, Malomed, Zeldovich, 

Hawking, Page, 
Ricotti, Ostriker, Mack,
Clese, Fleury, Kuhnel, 

Peloso, Sandstand, Unal, 
Sendouda, Yokoyama, ....  

Ellis, NEM, Nanopoulos,
Sakellariadou, Elghozi, Yusaf....  



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

Basilakos, NEM,
Sola (2019-20)

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,Sola 
EPJ-ST 
(2020) 

`

`



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

Basilakos, NEM,
Sola (2019-20)

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,Sola 
EPJ-ST 
(2020) 

`

`

Zeldovich,Kobzarev, Okun,
Kibble,Vilenkin,  Sikivie,

Gelimini, Gleiser, Kolb, ...

Ellis, NEM,
Alexandre, 

Houston

Lalak, Ovrut,
Lola, G. Ross,

Thomas

Takahashi, 
Yanagida, 
Yonekura



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

Basilakos, NEM,
Sola (2019-20)
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Non-trivial if 
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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:
only gravitational d.o.f. (b, gμν ) 

Gravitational
Chern-Simons (gCS) 

quantum ordered

Cosmological-
Constant-likeCondensate < ...> of 

Gravitational Anomalies 

Basilakos, NEM,
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Effective action contains CP violating axion-like coupling 

p
3
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Effective action contains CP violating axion-like coupling 

Average 
over inflationary 
space time in the 
presence of 
primordial 
Gravitational waves Alexander, Peskin,

Sheikh –Jabbari
Lyth, Rodriguez, Quimbay

b(x)=b(t)

⇥ =

r
2

3


3

12
Hḃ ⌧ 1
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Solutions (backgrounds) to the Eqs of Motion

time evolution of AnomalyPlanck Data  

Ms

0.5 NI

Homogeneity
& Isotropy
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μ = low-energy
UV cutoff ~ Ms
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Solutions (backgrounds) to the Eqs of Motion

time evolution of Anomaly

K0 = const.
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Planck Data  

to ensure approximately constant 
anomaly current during inflation
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NI  ~ 𝑂(1014 ) @ the beginning of RVM inflation

SBeff
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s
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Solutions (backgrounds) to the Eqs of Motion

@ end of 
Inflationary
era 

H = Hinfl ' const.
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Spontaneous 
LV solution
(constant spatial 
components of H-torsion)

≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

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 )



<latexit sha1_base64="eAmpbq488xwpNBM8xw4aeLZ2c5g=">AAACEHicbZDLSsNAFIYnXmu9VV26GSxFF1ISkeqy6MZlBZsWmhAm05N26OTizKRQQh7Bja/ixoUibl26822cXgRt/WHg4z9zOOf8fsKZVKb5ZSwtr6yurRc2iptb2zu7pb19W8apoNCkMY9F2ycSOIugqZji0E4EkNDn0PIH1+N6awhCsji6U6ME3JD0IhYwSpS2vNKx7WWnfo4duE/ZEDuBIDRzusAVwXb+Q37ulcpm1ZwIL4I1gzKaqeGVPp1uTNMQIkU5kbJjmYlyMyIUoxzyopNKSAgdkB50NEYkBOlmk4NyXNFOFwex0C9SeOL+7shIKOUo1HtXQqL6cr42Nv+rdVIVXLoZi5JUQUSng4KUYxXjcTq4ywRQxUcaCBVM74ppn+hMlM6wqEOw5k9eBPusatWqtdvzcv1qFkcBHaIjdIIsdIHq6AY1UBNR9ICe0At6NR6NZ+PNeJ9+XTJmPQfoj4yPb4D2nOk=</latexit>
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Dorlis, NEM, Vlachos
2404.18741 (PoS Corfu 2023)NB: Metastable Inflationary Vacua 

Compatibility with swampland (Ooguri, Vafa, …)



Dorlis, NEM, Vlachos
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 



<latexit sha1_base64="W8L130UIfmTJ7nteZPtZGNDH9CA=">AAACEXicbVDLSgMxFM3Ud31VXboJFsFVmRGpLkU3uqtgq9AZSia9bUOTzJjcEcrQX3Djr7hxoYhbd+78G9M6C18HAodz7isnTqWw6PsfXmlmdm5+YXGpvLyyurZe2dhs2SQzHJo8kYm5jpkFKTQ0UaCE69QAU7GEq3h4OvGvbsFYkehLHKUQKdbXoic4Qyd1KnthN0Ead85paIWCGxoaRcPp3NxAd0x5oi0yjZ1K1a/5U9C/JChIlRRodCrvbjTPFGjkklnbDvwUo5wZFFzCuBxmFlLGh6wPbUc1U2CjfLp5THed0qW9xLinkU7V7x05U9aOVOwqFcOB/e1NxP+8doa9oygXOs0QNP9a1MskxYRO4qFdYYCjHDnCuBHuVsoHzDCOLsSyCyH4/eW/pLVfC+q1+sVB9fikiGORbJMdskcCckiOyRlpkCbh5I48kCfy7N17j96L9/pVWvKKni3yA97bJ1P5nWE=</latexit>

ḃI ' constant

The rate of KR axion background during Inflation

-Re
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ḃI ' constant

The rate of KR axion background during Inflation

-Re



Solutions (backgrounds) to the Eqs of Motion

@ end of 
Inflationary
era 

H = Hinfl ' const.
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<latexit sha1_base64="AQL/ZPMyvOjlS/W6RS7oSfA2ZDg=">AAACFXicbVDLSgMxFM3UV62vUZdugqXgQsqMKLosuumygn1AZyyZNNPGJpkhyRTK0J9w46+4caGIW8Gdf2M6nYW2Hgg5nHNvcu8JYkaVdpxvq7Cyura+UdwsbW3v7O7Z+wctFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPRzcxvj4lUNBJ3ehITn6OBoCHFSBupZ596/UinXoAkDKbQU5RD6I2RJLGizBSk9GE0hfX77O7ZZafqZIDLxM1JGeRo9Owv8zxOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/DTbagorRunDMJLmCA0z9XdHirhSE27GrnCkh2rRm4n/ed1Eh1d+SkWcaCLw/KMwYVBHcBYR7FNJsGYTQxCW1MwK8RBJhLUJsmRCcBdXXiats6p7UXVuz8u16zyOIjgCx+AEuOAS1EAdNEATYPAInsEreLOerBfr3fqYlxasvOcQ/IH1+QPkd59K</latexit>
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Spontaneous 
LV solution
(constant spatial 
components of H-torsion)

≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

ε = Ο(10-2)
Parametrisation

Hence



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.
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Undiluted KR axion background
at the end of Inflation

Important for Leptogenesis @ radiation era
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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,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



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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Constant B0 ≠ 0 
background

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

m � 100TeV !
B0 ⇠ 1MeV

TD ' m ⇠ 100 TeV

Yk ⇠ 10�5

m

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

Constant B0 ≠ 0 
background

Solving 
system
of Boltzmann
 eqs

consistent with :
light neutrino masses in SM +
stability of Higgs vacuum 
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Constant B0 ≠ 0 
background

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

Bossingham, NEM,
Sarkar
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of Boltzmann
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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

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

Bossingham, NEM,
Sarkar

Solving 
system
of Boltzmann
 eqs

This Leptogenesis scenario 

can be embedded/extend  

existing scenarios of Leptogenesis

(Pilaftsis, Deppisch, Underwood, … )
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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

Baryogenesis



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 ! � ` , � `
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Constant B0 ≠ 0 
background
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nB + nB
⇠ nB � nB

s
= (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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Constant B0 ≠ 0 
background
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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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= 1.7 x 10-2  MPl 

Inflation pheno

Compatible with 
QCD-Axion 

Phenomenology
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But in string theory 
the scale Λ in the 
instanton potential Vb
might be different
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KR (gravitational or model-independent) axions 
connected to ``torsion’’ in string theory 
à Geometrical origin of Dark Matter 

Dark Matter

Stringy gravitational Axions
+ torsion 



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 generation for b à axion Dark matter

RVM Inflationary (de Sitter) Phase 

From a pre-inflationary
era after Big-Bang

Big-Bang, pre-inflationary phase 
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OUTLOOK: Incorporate other 
model-dependent stringy 

axions à Axiverse
Interesting Cosmology 

(eg Marsh 2015)
could be ultralight à AION etc
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B-L conserving sphelaron processes à Baryongenesis 
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GA resurfacing 
Running Dark Energy

RVM Inflationary (de Sitter) Phase 

Spontaneous Lorentz and CPT Violation

Big-Bang, pre-inflationary phase 
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Distinguishing feature from ΛCDM
Alleviate cosmological data tensions
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⌫ = O(10�3)

O(10�4) . ↵ . O(1)

3

2
c0 ' 10�122 M4

Pl
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Running Dark Energy
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Radiation Era 
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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
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