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1. Motivation



Planck2018 data

Simplest model based 

on ΛCDM works OK

for  large scales
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Black-Hole `photographs’ (EHT),...

+ SnIa, BaO, Lensing 

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

Nature of Dark Energy 
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Primordial Gravitational Waves 
(through detection of B-mode 
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Microscopic models of Inflation
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2. Topological Invariants
in

Gravity theories



Topological invariants (total derivatives) in (3+1)-dimensional (curved) space-times

• Gauss Bonnet (quadratic-curvature) combination

• Chern-Simons – Hirzenbruch signature (Chiral Anomaly terms) 
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Topological invariants in string-effective gravity theories 

• Gauss Bonnet coupling to dilatons (spin-0 scalars of string 
massless gravitational multiplet) 
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• Gauss Bonnet coupling to dilatons (spin-0 scalars of string 
massless gravitational multiplet) 
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Dilaton sources of BHs              
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BH solutions
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• Gauss Bonnet coupling to dilatons (spin-0 scalars of string 
massless gravitational multiplet) 
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Topological invariants in string-effective gravity theories 

• Gauss Bonnet coupling to dilatons (spin-0 scalars of string 
massless gravitational multiplet) 
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Topological invariants in string-effective gravity theories 

• Chern-Simons coupling to axions (pseudoscalars) a(x)
(string-model independent axions (dual in (3+1)-dim to
the field strength of Kalb-Ramond antisymmetric (spin-1) 
tensor field) as well as axions from string compactification)
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Topological invariants in string-effective gravity theories 

• Chern-Simons coupling to axions (pseudoscalars) a(x)
(string-model independent axions (dual in (3+1)-dim to
the field strength of Kalb-Ramond antisymmetric (spin-1) 
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Topological invariants in string-effective gravity theories 

• Chern-Simons coupling to axions (pseudoscalars) a(x)
(string-model independent axions (dual in (3+1)-dim to
the field strength of Kalb-Ramond antisymmetric (spin-1) 
tensor field) as well as axions from string compactification)
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Topological invariants in string-effective gravity theories 

• Chern-Simons coupling to axions (pseudoscalars) a(x)
(string-model independent axions (dual in (3+1)-dim to
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3. String-Inspired Gravitational 
Theory with 

Torsion & Grav. Anomalies,  
axions and 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



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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b(x) = Lagrange multiplier
implementing

Bianchi identity 
constraint  for Hμνρ : 
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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
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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>

εμνρσ= ∫𝐷b =

∫ 𝐷b



Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

Gravitational covariant derivative
including spin connection

gµ⌫ = eaµ ⌘ab e
b
⌫

If torsion then Γμν ≠ Γνμ 
antisymmetric part is the 
contorsion tensor, contributes

�a�b�c = ⌘ab �c + ⌘bc �a � ⌘ac �b � i ✏dabc �d �
5

Fermions and (generic) Torsion 
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FERMIONS COUPLE TO H –TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM 

contorsion

Hcab

Kabc =
1

2

⇣
Tcab � Tabc � Tbca

�

Non-trivial contributions to Bμ

B
d ⇠ ✏

abcd
Hbca

S 3
Z

d4xBa  �
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FERMIONS COUPLE TO H –TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

TORSIONFUL CONNECTION     à AXION-LIKE CP-VIOLATING INTERACTION

Non-trivial contributions to Bμ
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Universal (gravitational) Coupling



KR-axion anomalous 
CP-Violating interaction

Inclusion of Fermions

Axial Current
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Gravitational Anomalies & Diffeomorphism Invariance  

Topological,
does NOT
contribute to
stress tensor

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

Z
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p
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Einstein’s equation

Gravitational Anomalies & Diffeomorphism Invariance  

Diffeomoprphism
invariance breaking by

gravitational anomalies? 
2Tµ⌫

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

Gravitational Anomalies & Diffeomorphism Invariance  

Conserved Modified 
stress-energy 

tensor 
2Tµ⌫

matter ;µ = Cµ⌫
;µ 6= 0
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4. Primordial Gravitational
Waves, Anomaly condensates

– The role of
Supersymmetry
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(i) Assume de Sitter era, first, to discuss anomaly condensate 
in the presence of GW perturbation

(ii) deduce RVM vacuum behaviour

and 

(iii) Inflation is obtained self consistently from RVM evolution
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ḃ ⌘ db/dt
<latexit sha1_base64="L8/qVi4PzgVz1p+OvHyjDMu1lVw="></latexit>

a(t) ⇠ eHt

<latexit sha1_base64="k9z0oSgXZs8PBRcXP2yLggLPsvA=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXspuFfRY9NJjBfsB7VqyadqGJtklmS2Upf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMC2PBDXjet5Pb2Nza3snvFvb2Dw6P3OOTpokSTVmDRiLS7ZAYJrhiDeAgWDvWjMhQsFY4vp/7rQnThkfqEaYxCyQZKj7glICVeq5LSnCJu4ZLzJ7SGsx6btErewvgdeJnpIgy1HvuV7cf0UQyBVQQYzq+F0OQEg2cCjYrdBPDYkLHZMg6lioimQnSxeUzfGGVPh5E2pYCvFB/T6REGjOVoe2UBEZm1ZuL/3mdBAa3QcpVnABTdLlokAgMEZ7HgPtcMwpiagmhmttbMR0RTSjYsAo2BH/15XXSrJT9q3Ll4bpYvcviyKMzdI5KyEc3qIpqqI4aiKIJekav6M1JnRfn3flYtuacbOYU/YHz+QNS8ZLR</latexit>

Homogeneity
& Isotropy

H ≈ const.
(inflation) 

p
3

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

μ
μ = UV k-momentum Cut-off

n* = proper number density of 
sources of GW(assumed of O(1))

n* 



Effective action contains CP violating axion-like coupling 

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

Sheikh -Jabbari

b(x)=b(t)

⇥ =

r
2

3


3

12
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<latexit sha1_base64="T0PEe39MTsGwKunYbawl9XstuQ4=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0tSBd0IRTduhAr2AU0aJtNJO3RmEmYmQgl146+4caGIW//CnX/jtM1CWw9cOJxzL/feEyaMKu0439bC4tLyymphrbi+sbm1be/sNlScSkzqOGaxbIVIEUYFqWuqGWklkiAeMtIMB9djv/lApKKxuNfDhPgc9QSNKEbaSIG97yGW9FHHSyTlBF7C20B1spPKKLBLTtmZAM4TNyclkKMW2F9eN8YpJ0JjhpRqu06i/QxJTTEjo6KXKpIgPEA90jZUIE6Un00+GMEjo3RhFEtTQsOJ+nsiQ1ypIQ9NJ0e6r2a9sfif1051dOFnVCSpJgJPF0UpgzqG4zhgl0qCNRsagrCk5laI+0girE1oRROCO/vyPGlUyu5puXJ3Vqpe5XEUwAE4BMfABeegCm5ADdQBBo/gGbyCN+vJerHerY9p64KVz+yBP7A+fwBV0JYp</latexit>

μ

Ms

n* 

n* = proper number density of 
sources of GW(assumed of O(1))

n* 

<latexit sha1_base64="J9Dn7VeELB04tJpO42WRM32s438="></latexit>

µ

Ms
' 15 (n?)�1/4

⇣
MPl

H

⌘1/2

to ensure constant anomaly
μ = O(103 (n*)-1/4 ) Ms Mplanck≤



⇥ =

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 (+ CPTV) 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

μ

Ms

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

˙̄
b / ✏

ijk
Hijk = constant

n* = proper number density of 
sources of GW(assumed of O(1))

n* 

n* 

<latexit sha1_base64="J9Dn7VeELB04tJpO42WRM32s438="></latexit>

µ

Ms
' 15 (n?)�1/4

⇣
MPl

H

⌘1/2

to ensure constant anomaly
μ = O(103 (n*)-1/4 ) Ms Mplanck≤



⇥ =

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 = O(103 (n*)-1/4 ) Ms Mplanck

μ

Ms

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

˙̄
b / ✏

ijk
Hijk = constant

≤

No transplanckian
modes !

n* = proper number density of 
sources of GW(assumed of O(1))

n* 

n* 

<latexit sha1_base64="J9Dn7VeELB04tJpO42WRM32s438="></latexit>

µ

Ms
' 15 (n?)�1/4

⇣
MPl

H

⌘1/2



Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  

<latexit sha1_base64="AQL/ZPMyvOjlS/W6RS7oSfA2ZDg=">AAACFXicbVDLSgMxFM3UV62vUZdugqXgQsqMKLosuumygn1AZyyZNNPGJpkhyRTK0J9w46+4caGIW8Gdf2M6nYW2Hgg5nHNvcu8JYkaVdpxvq7Cyura+UdwsbW3v7O7Z+wctFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPRzcxvj4lUNBJ3ehITn6OBoCHFSBupZ596/UinXoAkDKbQU5RD6I2RJLGizBSk9GE0hfX77O7ZZafqZIDLxM1JGeRo9Owv8zxOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/DTbagorRunDMJLmCA0z9XdHirhSE27GrnCkh2rRm4n/ed1Eh1d+SkWcaCLw/KMwYVBHcBYR7FNJsGYTQxCW1MwK8RBJhLUJsmRCcBdXXiats6p7UXVuz8u16zyOIjgCx+AEuOAS1EAdNEATYPAInsEreLOerBfr3fqYlxasvOcQ/IH1+QPkd59K</latexit>

˙̄
b ⇠ "ijkH

ijk
≈ constant
torsion

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



Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  

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

NB: 

<latexit sha1_base64="4SEWzbyEPiBSJOUkoIaoaShVG1U=">AAACEXicbZC7TsMwFIadcivlFmBksaiQytAqQeUyVrB0QSoSvUhNqRzXaa3aSbAdpCrKK7DwKiwMIMTKxsbb4KYZoOWXLH36zzk6Pr8bMiqVZX0buaXlldW1/HphY3Nre8fc3WvJIBKYNHHAAtFxkSSM+qSpqGKkEwqCuMtI2x1fTevtByIkDfxbNQlJj6OhTz2KkdJW3yzVoSMpJ/ewZFt3cfk0gWWYUjWBx9f92BEcNlgC+2bRqlip4CLYGRRBpkbf/HIGAY448RVmSMqubYWqFyOhKGYkKTiRJCHCYzQkXY0+4kT24vSiBB5pZwC9QOjnK5i6vydixKWccFd3cqRGcr42Nf+rdSPlXfRi6oeRIj6eLfIiBlUAp/HAARUEKzbRgLCg+q8Qj5BAWOkQCzoEe/7kRWidVOyzinVTLdYuszjy4AAcghKwwTmogTpogCbA4BE8g1fwZjwZL8a78TFrzRnZzD74I+PzB0qzmi0=</latexit>

H ' (10�5 � 10�4)MPl,

2.6  x 10-5 MPl < Ms ≤  10-4 MPl

Μs ≤ 𝟏𝟎!𝟒𝑴𝐏𝐥

NEM + Solà (2021)

Constant anomaly
during inflation,

no transplanckian
modes !

If n* of O(1)), otherwise Ms free
parameter, μ = Ms
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Solutions (backgrounds) to the Eqs of Motion

Using slow-roll assumption b

Planck Data  

@ end of 
Inflationary
era 

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

<latexit sha1_base64="iqCUJmjQFF0du58QWzdwC1FHJD0="></latexit>

bend ⇠ binitial + 0.14MPl Hinfl tend,

tendHinfl ⇠ N = e� foldings

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



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

e-foldings

`



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

Dark Energy

(``running
vacuum model
(RVM) type’’) 

`



Gravitational Anomaly Condensates  à Dynamical Inflation 

NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

Dark Energy

(``running
vacuum model
(RVM) type’’) 

`

Equation of state :

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

0 < ρΛ = -pΛ à dominates à

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



Gravitational Anomaly Condensates  à Dynamical Inflation 

NEM, Sola

Positive
Cosmological
Constant-like

Dark Energy

(``running
vacuum model
(RVM) type’’) 

`

Equation of state :

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

0 < ρΛ = -pΛ à dominates à

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

uintessence

hantom
energy

Phantom
matter



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

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

Dark Energy

(``running
vacuum model
(RVM) type’’) 

`

But slow roll is due to the KR axion field 



5. Running-Vacuum Model
Cosmology –

Inflation
without external inflatons



Dark Energy

(``running
vacuum model
(RVM) type’’) 

The Parts

NB: Renormalization-Group-like equation for the evolution of  vacuum  energy density
Hubble parameter H(t) ßà RG scale μ

Vacuum energy density assumed de Sitter like but with time-dependent Cosmological
parameter Λ(t) : 

p(t)RVM = �⇢⇤(t)
RVM(t)

<latexit sha1_base64="xWt6fBR4v62jreU4lUjg/HyGMDc=">AAACG3icbVDLSgMxFM3UV62vUZdugkWoC8tMFXQjFN24UKhiH9AZh0wm04ZmHiQZoQzzH278FTcuFHEluPBvTNtZ1NYDgZNz7r3JPW7MqJCG8aMVFhaXlleKq6W19Y3NLX17pyWihGPSxBGLeMdFgjAakqakkpFOzAkKXEba7uBy5LcfCRc0Cu/lMCZ2gHoh9SlGUkmOXosr8tBJLR7Au9ZNBs/hkcX70UNqXashHlJuNmWrK3T0slE1xoDzxMxJGeRoOPqX5UU4CUgoMUNCdE0jlnaKuKSYkaxkJYLECA9Qj3QVDVFAhJ2Od8vggVI86EdcnVDCsTrdkaJAiGHgqsoAyb6Y9Ubif143kf6ZndIwTiQJ8eQhP2FQRnAUFPQoJ1iyoSIIc6r+CnEfcYSlirOkQjBnV54nrVrVPK7Wbk/K9Ys8jiLYA/ugAkxwCurgCjRAE2DwBF7AG3jXnrVX7UP7nJQWtLxnF/yB9v0LfxqfMg==</latexit>

general covariance à
even powers of H

<latexit sha1_base64="mBNkbWzL8oSkr8LWWDKiDAFvcZE="></latexit>

⇢ = 
�2 ⇤+ c1H

2 + c2H
4 + . . .

Shapiro + Solà
Solà, ...

<latexit sha1_base64="J4G2I5glY5Xeh50yZmLmRbgpj4M=">AAACB3icbVC7SgNBFJ2Nrxhfq5aCDAYhgobdKGoZtLGwiGAekF3D3cnEDJl9ODMbCEs6G3/FxkIRW3/Bzr9xkmyhiQcuHM65d+be40WcSWVZ30Zmbn5hcSm7nFtZXVvfMDe3ajKMBaFVEvJQNDyQlLOAVhVTnDYiQcH3OK17vcuRX+9TIVkY3KpBRF0f7gPWYQSUllrmrkMfYtbHTg+iCO6So9LQOXSu9QNtKKiDlpm3itYYeJbYKcmjFJWW+eW0QxL7NFCEg5RN24qUm4BQjHA6zDmxpBGQHtzTpqYB+FS6yfiOId7XSht3QqErUHis/p5IwJdy4Hu60wfVldPeSPzPa8aqc+4mLIhiRQMy+agTc6xCPAoFt5mgRPGBJkAE07ti0gUBROnocjoEe/rkWVIrFe3T4vHNSb58kcaRRTtoDxWQjc5QGV2hCqoigh7RM3pFb8aT8WK8Gx+T1oyRzmyjPzA+fwCwl5iN</latexit>

⌘ �2 ⇤(t)

RVM

Λ

<latexit sha1_base64="J88O9Q8SCgETS4abK0Tp9J87X7o="></latexit>

c1 = 3⌫�2
, c2 = 3↵�2

H
�2
I ,

HI ⇠ 10�5

�1 (current pheno)

<latexit sha1_base64="yXmPR5/lox9x2gH9pUDFKfGHEAs=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILqQkVtRl0Y0LFxXsA5oQJpNpO3TycGZSKKHgr7hxoYhbv8Odf+O0zUJbDwwczjmXe+f4CWdSWda3UVhaXlldK66XNja3tnfM3b2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDm4nfGlIhWRw9qFFC3RD3ItZlBCsteeaBc6fDAUYOfUzZEFWdU+JZnlm2KtYUaJHYOSlDjrpnfjlBTNKQRopwLGXHthLlZlgoRjgdl5xU0gSTAe7RjqYRDql0s+n5Y3SslQB1Y6FfpNBU/T2R4VDKUejrZIhVX857E/E/r5Oq7pWbsShJFY3IbFE35UjFaNIFCpigRPGRJpgIpm9FpI8FJko3VtIl2PNfXiTNs4p9Uanen5dr13kdRTiEIzgBGy6hBrdQhwYQyOAZXuHNeDJejHfjYxYtGPnMPvyB8fkDjheUlQ==</latexit>

⇤ ⌘ 3 c0



p(t)RVM = �⇢⇤(t)
RVM(t)
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Dark Energy

(``running
vacuum model
(RVM) type’’) 

The Parts

NB: Renormalization-Group-like equation for the evolution of  vacuum  energy density
Hubble parameter H(t) ßà RG scale μ

Vacuum energy density assumed de Sitter like but with time-dependent Cosmological
parameter Λ(t) : 

general covariance à
even powers of H

<latexit sha1_base64="mBNkbWzL8oSkr8LWWDKiDAFvcZE="></latexit>

⇢ = 
�2 ⇤+ c1H

2 + c2H
4 + . . .

Shapiro + Solà
Solà, ...
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⌘ �2 ⇤(t)

RVM

Λ

<latexit sha1_base64="J88O9Q8SCgETS4abK0Tp9J87X7o="></latexit>

c1 = 3⌫�2
, c2 = 3↵�2

H
�2
I ,

HI ⇠ 10�5

�1 (current pheno)

<latexit sha1_base64="yXmPR5/lox9x2gH9pUDFKfGHEAs=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILqQkVtRl0Y0LFxXsA5oQJpNpO3TycGZSKKHgr7hxoYhbv8Odf+O0zUJbDwwczjmXe+f4CWdSWda3UVhaXlldK66XNja3tnfM3b2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDm4nfGlIhWRw9qFFC3RD3ItZlBCsteeaBc6fDAUYOfUzZEFWdU+JZnlm2KtYUaJHYOSlDjrpnfjlBTNKQRopwLGXHthLlZlgoRjgdl5xU0gSTAe7RjqYRDql0s+n5Y3SslQB1Y6FfpNBU/T2R4VDKUejrZIhVX857E/E/r5Oq7pWbsShJFY3IbFE35UjFaNIFCpigRPGRJpgIpm9FpI8FJko3VtIl2PNfXiTNs4p9Uanen5dr13kdRTiEIzgBGy6hBrdQhwYQyOAZXuHNeDJejHfjYxYtGPnMPvyB8fkDjheUlQ==</latexit>

⇤ ⌘ 3 c0

Any dH/dt ≈ −
𝟏 + 𝒒

H2 ,

decel. parameter q ≈ const

in each cosmic epoch 



Cosmological Evolution of RVM

Solution

Early de Sitter
(unstable) 

Radiation

Late dark-Energy
dominated era c0 dominant

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

m = matter, radiation

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

rµ Tµ⌫ = 0 energy �momentum density conservation
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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
+ ...  (2013 - 2018 )

m = matter, radiation

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

rµ Tµ⌫ = 0 energy �momentum density conservation

without 
fundamental
inflatons



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 Energy

(``running
vacuum model
(RVM) type’’) 

`

But slow roll is due to the KR axion field 

Positive total energy density since Λ-term dominates

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

`



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 

`



Axion Monodromy like potentials 
& deviations from  scale invariance 

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

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

Ve↵ 3 hRµ⌫⇢�
eRµ⌫⇢�i b(x)

approximately de Sitter provided during the duration of inflation 

<latexit sha1_base64="1UiUpvH3J89Mh1S7GzBzvB/elIU="></latexit>

b(t) = b(0) + 0.14MPl H tend ' b(0)
beginning
of inflation

order of magnitude

N=e-folds< 0

<latexit sha1_base64="AjecgqmDDBXcbciP/tdj8zThWtc="></latexit>

|b(0)| & O(10)MPl
Distance-swampland
conjectures? 

NB

Slow running of db/dt can be constrained by data 



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



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



6a. Post Inflationary Eras
&

Cosmic Evolution
of the stringy RVM 



KR axion
dominance

GW + Anomalies
dominance

?

Post-RVM-Inflation Eras & Evolution

NEM,Sola
EPJ-ST 
(2020) 

`



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)

`

KR axion
dominance

GW + Anomalies
dominance

Chiral matter
Generation + cancellation
of grav. Anomalies

Leptogenesis à Baryogenesis 
(LV + CPTV KR axion backgrounds) 

NEM,Sola
EPJ-ST 
(2020) 

`

Chiral anomalies
Remain in matter era

KR axion mass generation through 
QCD instantons (Dark Matter)

NEM, Sarkar
+ De Cesare, 
Bossingham
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The Whole
Stringy-RVM
Cosmological
Evolution



Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
Cosmic
Time

Primordial 
Gravitational
Waves 

Gravitational
anomaly (GA)

Undiluted constant
KR axial  backround

chiral matter
generation
@ inflation exit  Radiation Era 

Cancellation of GAB0 / T 3
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Leptogenesis induced by
RHN (tree-level) decays

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

B-L conserving sphelaron processes à Baryongenesis

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

RVM Inflationary (de Sitter) Phase 

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

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

NEM, Sarkar
+ De Cesare, 
Bossingham
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ΔL In the (approx.) constant LV + CPTV background 

NEM, Sarkar
+ De Cesare, 
Bossingham

Big-Bang, pre-inflationary phase (broken Sugra) 
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Chiral anomalies @ QCD era (instantons)

ΔL In the (approx.) constant LV + CPTV background 

Big-Bang, pre-inflationary phase (broken Sugra) 
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generation
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B-L conserving sphelaron processes à Baryongenesis

Modern de-Sitter Era 

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

GA resurfacing 
Phenomenology

RVM Inflationary (de Sitter) Phase 

From a pre-inflationary
era after Big-Bang

Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
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RVM Inflationary (de Sitter) Phase 
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chiral matter
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Modern de-Sitter Era 

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

GA resurfacing 
Phenomenology

Consistent with current
bounds on LV & CPTV

B0 < 10-2 eV, 
Bi < 10-22 eV

H0 ~ 10-42 GeV
≈ 10-60 MPl≈ 10-33 eV

Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola

From a pre-inflationary
era after Big-Bang
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GA resurfacing 
Phenomenology

Consistent with current
bounds on LV & CPTV

B0 < 10-2 eV, 
Bi < 10-22 eV

H0 ~ 10-42 GeV
≈ 10-60 MPl≈ 10-33 eV

Summary of (stringy-RVM) Cosmological Evolution 
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6b. Modern Era
&

Cosmological data 
Tension(s)

potential alleviation
by the stringy RVM 



Cosmological Evolution of RVM

Solution

Early de Sitter
(unstable) 

Radiation

Late dark-Energy
dominated era c0 dominant

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

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

reduced Hubble constant)



Solà, Gómez-Valent,
De Cruz Perez, Moreno-Pulido, 
(Planck 2018 data)

Alleviation of the H0 , σ8 tension by RVM model 

If tensions

are not due 

to statistics



Alleviation of the S8 , σ8 tension by RVM model 

NEM, Solà (2021)

Almost-Type II RVM 
in our stringy RVM

due to quantum-gravity
Corrections
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Almost-Type II RVM 
in our stringy RVM

due to quantum-gravity
Corrections
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OUTLOOK: (ii) Look for imprints of the 
LV & CPTV KR axial background in CMB
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OUTLOOK: (iii) Can we also get evidence of
ν < 0 coefficient of H2  during RVM inflation?
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7. Enhanced cosmic perturbations 

and  

densities of primordial black holes 

and Gravitational Waves

Assume RVM models with almost 

Instantaneous r
eheating;

Prolonged rehe
ating in some RVM models leads 

to even more enhanced p
rimordial BH densities



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

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

Anomaly condensate à linear axion potential 
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approximately de Sitter provided during the duration of inflation 
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b(t) = b(0) + 0.14MPl H tend ' b(0)
beginning
of inflation

order of magnitude

N=e-folds< 0
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Such a potential can also arise in appropriate brane compactifications 
(eg type IIB strings) L. McAllister, E. Silverstein and A. Westphal, 

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

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

fa = axion coupling

canonical kinetic 
terms for a-axions



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

NEM, Universe 7 (2021) 12, 480, 
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NEM, Stamou, Spanos, gr-qc...
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warp factor
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The enhancement of cosmic perturbations mechanism NEM, Stamou, Spanos, gr-qc...

``step-like’’ 
features

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



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

NEM, Stamou, Spanos, gr-qc...

fractional PBH abundance
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enhanced production during inflation
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Anomaly condensate à linear axion potential 
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world-sheet (non-perturbative) instantons à periodic potential perturbations

Case II  
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Primordial Black Hole (PBH) and GW 
enhanced production during inflation in Case 2

NEM, Stamou, Spanos, gr-qc...

fractional PBH abundance

k

SET 3 

0.762



Hence  in both hierarchies of scales :

1:                                             , 2:

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

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

NEM, Stamou, Spanos, gr-qc...



8a. Post-RVM-Inflationary
Era

Cancellation of 
Gravitational Anomalies 



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

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

`

Chiral current, including RHN
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instanton generated potential for KR axion b-field   
during matter dominance à axion Dark Matter



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

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

`

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

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

Sarkar



8b. Lorentz- & CPT-Violating

Leptogenesis à

àBaryogenesis

in models with Massive
Right-handed Neutrinos



CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

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

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

constant background with only temporal component B0 ≠ 0 

≠
B0 ≠ 0

CPV &
LV

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

⌦ =
q

B2
0 +M2
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CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

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

(approx.) Constant B0 Background

Contrast with one-loop
conventional 

CPV Leptogenesis
(in absence of H-torsion)

m

Fukugita, Yanagida,

+
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CPTV Thermal Leptogenesis

CPT Violation 

Produce Lepton asymmetry 

Early Universe
T > 105 GeV

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

m � 100TeV !
B0 ⇠ 1MeV

TD ' m ⇠ 100 TeV

Yk ⇠ 10�5

m

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

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

Bossingham, NEM,
Sarkar

Solving 
system
of Boltzmann
eqs



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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(approx.) Constant B0 ≠ 0 
background

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11 T > 1 GeV


