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Planck2018 data

Simplest model based 

on ΛCDM works OK

for  large scales
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Tµ⌫ 3 Cold Dark Matter

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

+ SnIa, BaO, Lensing 

Important (> last 20 yrs) Discoveries in Cosmology/Astronomy 
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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? ....)
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+ SnIa, BaO, Lensing 
Planck 2018 InflationPlanck 2018 InflationPlanck 2018 Inflation

More than one
DM species,

depending on era?
Role of warm sterile
Neutrino DM & axions 
in Galactic structure?
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Microscopic
understanding of
Matter/Antimatter
asymmetry in the

Universe?

Baryon density in the Universe:

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

From Big Bang Nucleosynthesis 
Ωb  h2=0.0214±0.002

Baryon vs anti-baryon densities The Baryon Asymmetry 

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11 T > 1 GeV

s = entropy density 
of Universe 



Baryon number violation 

C-violation

and CP violation

Departure from thermodynamic 
equilibrium (non-stationary 

system) 

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

new sources of CP violation?

CPT conservation

assumed

Attempts at Explanation of Baryon Asymmetry 
– Sakharov ‘s Conditions
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CPT conservation
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Attempts at Explanation of Baryon Asymmetry 
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I will argue that: 
Deviations from ΛCDM and alleviation of cosmological-data 
Tensions in the current era 

+ 

observed matter-antimatter asymmetry 

Can be linked with 

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

+  
geometric torsion interpretation of axion Dark matter 
Enhanced gravitational pertubations (Primordial Black Boles, GW)



I will argue that: 
Deviations from ΛCDM and alleviation of cosmological-data 
Tensions in the current era 

+ 

observed matter-antimatter asymmetry 

Can be linked with 

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

+  
geometric torsion interpretation of axion Dark matter 
Enhanced gravitational pertubations (Primordial Black Boles, GW)



I will argue that: 
Deviations from ΛCDM and alleviation of cosmological-data 
Tensions in the current era 

+ 

observed matter-antimatter asymmetry 

Can be linked with 

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

+  
geometric torsion interpretation of axion Dark matter 
Enhanced gravitational pertubations (Primordial Black Boles, GW)



I will argue that: 
Deviations from ΛCDM and alleviation of cosmological-data 
Tensions in the current era 

+ 

observed matter-antimatter asymmetry 

Can be linked with 

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

+  
geometric torsion interpretation of axion Dark matter
Enhanced gravitational pertubations (Primordial Black Boles, GW) 

Role of Right-handed
Sterile neutrinos
& axions ... Also 
in galactic  structure
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2. The Model: 
String-Inspired Gravitational 

Theory with 
Torsion & Grav. Anomalies,  

axions and torsion



Stringy gravitational Axions
+ torsion

The Parts



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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Stringy gravitational Axions
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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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Einstein’s equation

Gravitational Anomalies & Diffeomorphism Invariance  

Diffeomoprphism
invariance breaking by

gravitational anomalies? 
2Tµ⌫

matter ;µ = Cµ⌫
;µ 6= 0
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RVM GW-induced Inflation V0 >0
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Statistical bias (percolation) in 
occupation probabilities of the +,- vacua
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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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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

n* 

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



Solutions (backgrounds) to the Eqs of Motion

⇥ =

r
2

3


3

12
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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

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

n* 



⇥ =

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) 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* 



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 !



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 !

n* of O(1), otherwise free 
parameter, can set Ms = μ 
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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



Recall: 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

Axion Monodromy like potentials 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)



Recall: 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? 

Axion Monodromy like potentials 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)

Ooguri, Vafa, ...Palti



Axion Monodromy like potentials  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)

<latexit sha1_base64="wVWKZMndKbot5rgClkPjf2q3qJ8="></latexit>

gCS = �
r

2

3

↵0

96

Z
d4x

p
�g h@µbKµi + quantum flcts.

<latexit sha1_base64="u2X7ge9pYzEVC975SlrVKSpw3Xg="></latexit>

|ḃ| ⇠
p
2✏HMPl ⌧ M

2
Pl

✏ ⌧ 1, H ⇠ 10�5
MPl

Distance-swampland
conjectures avoided ? 

BUT....



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total vacuum energy density since Λ-term dominates

e-foldings

`



Gravitational Anomaly Condensates  à Dynamical Inflation 

Basilakos, NEM, Sola

Positive
Cosmological
Constant-like

Positive total vacuum 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 vacuum 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 vacuum 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 



Cosmological Evolution of RVM
Basilakos, Lima,
Sola + Gomez Valent
+ ...  (2013 - 2018 )

m = matter, radiation

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

rµ Tµ⌫ = 0 energy �momentum density conservation

m + RVM 



Cosmological Evolution of RVM
Basilakos, Lima,
Sola + Gomez Valent
+ ...  (2013 - 2018 )

m = matter, radiation

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

rµ Tµ⌫ = 0 energy �momentum density conservation

<latexit sha1_base64="BSS7ZIuEUNWprYxXgsnjhsQtuq4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEirosunFZwT6gCWEynbRDZ5IwcyOU2IW/4saFIm79DXf+jdM2C209MHA45947954wFVyD43xbpZXVtfWN8mZla3tnd8/eP2jrJFOUtWgiEtUNiWaCx6wFHATrpooRGQrWCUc3U7/zwJTmSXwP45T5kgxiHnFKwEiBfeT1E8CeGiZB7imJIQEiJjiwq07NmQEvE7cgVVSgGdhfZhDNJIuBCqJ1z3VS8HOigFPBJhUv0ywldEQGrGdoTCTTfj7bf4JPjdLHUaLMiwHP1N8dOZFaj2VoKiWBoV70puJ/Xi+D6MrPeZxmwGI6/yjKhLkST8PAfa4YBTE2hFDFza6YDokiFExkFROCu3jyMmmf19yLWv2uXm1cF3GU0TE6QWfIRZeogW5RE7UQRY/oGb2iN+vJerHerY95ackqeg7RH1ifP7wBle4=</latexit>

⇢̇total=

m + RVM 



Cosmological Evolution of RVM
Basilakos, Lima,
Sola + Gomez Valent
+ ...  (2013 - 2018 )

m = matter, radiation

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

rµ Tµ⌫ = 0 energy �momentum density conservation

<latexit sha1_base64="BSS7ZIuEUNWprYxXgsnjhsQtuq4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEirosunFZwT6gCWEynbRDZ5IwcyOU2IW/4saFIm79DXf+jdM2C209MHA45947954wFVyD43xbpZXVtfWN8mZla3tnd8/eP2jrJFOUtWgiEtUNiWaCx6wFHATrpooRGQrWCUc3U7/zwJTmSXwP45T5kgxiHnFKwEiBfeT1E8CeGiZB7imJIQEiJjiwq07NmQEvE7cgVVSgGdhfZhDNJIuBCqJ1z3VS8HOigFPBJhUv0ywldEQGrGdoTCTTfj7bf4JPjdLHUaLMiwHP1N8dOZFaj2VoKiWBoV70puJ/Xi+D6MrPeZxmwGI6/yjKhLkST8PAfa4YBTE2hFDFza6YDokiFExkFROCu3jyMmmf19yLWv2uXm1cF3GU0TE6QWfIRZeogW5RE7UQRY/oGb2iN+vJerHerY95ackqeg7RH1ifP7wBle4=</latexit>

⇢̇total=

} }
ν α



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

c0 = 0



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



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

`



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



5. Enhanced cosmic perturbations
and densities of primordial black 

holes and Gravitational Waves



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

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

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

Ve↵ 3 hRµ⌫⇢�
eRµ⌫⇢�i b(x)

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

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

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

fa = axion coupling

(with canonical kinetic 
terms for a-axions )



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

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

NEM, Spanos, Stamou, 
hep-th-2206.07963

Anomaly condensate à linear axion potential 
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world-sheet (non-perturbative) instantons à periodic potential perturbations

à

Restrict to 

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

warp factor

NB: For Swinst ≥ O(40): ma ≤O(10-17) eV, still compatible with ultralight axion DM 
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Sola + Basilakos
NEM, Spanos, Stamou,  
hep-th-2206.07963

Anomaly condensate à linear axion potential 
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world-sheet (non-perturbative) instantons à periodic potential perturbations

Case I

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

Inflation driven by compactification axions,
Prolonged by b axion

Inflation driven by b axion



World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 
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Enhancement of cosmic perturbations 
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

NEM, Spanos, Stamou, 
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Anomaly condensate à linear axion potential 
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The enhancement of cosmic perturbations mechanism NEM, Spanos, Stamou, 
hep-th-2206.07963

``step-like’’ 
features

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

{sec:pbhgw}



The enhancement of cosmic perturbations mechanism NEM, Spanos, Stamou, 
hep-th-2206.07963

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

Parameters

Fumagalli, Renaux-Petel, Witkowski, 
arXiv: 2105.04861 

SET 1

ωlog  ≥ ωc  resonant peak in ΩGW

(Red curve)
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The enhancement of cosmic perturbations mechanism NEM, Spanos, Stamou, 
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b-field + condensate drive inflation, a-axion ends inflation

Parameters

Fumagalli, Renaux-Petel, Witkowski, 
arXiv: 2105.04861 

ωlog  ≥ ωc  resonant peak in ΩGW

SET 2
SET 1

(Red curve)



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

NEM, Spanos, Stamou, 
hep-th-2206.07963
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 
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World-Sheet Instantons, Axion Monodromy like potentials 
& deviations from  scale invariance 

Anomaly condensate à linear axion potential 

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

Case II  

NEM, Spanos, Stamou, 
hep-th-2206.07963
specific set of parameters
enhancement due to inflection
points in the potential à
different enhancement mechanism 
than in
Zhou, Jiang, Cai, Sasaki, Pi, 
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Primordial Black Hole (PBH) and GW 
enhanced production during inflation in Case 2

NEM, Spanos, Stamou, 
hep-th-2206.07963.

fractional PBH abundance

k

SET 3 

0.762



Hence  in both hierarchies of scales :

Case 1: , Case 2:

Common: 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.

Difference: In case 1: intensely oscillating spectra , case 2: smooth behaviour
à distrinct behaviour, in principle falsifiable predictions at future interferometers

(e.g. LISA).

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

NEM, Spanos, Stamou, 
hep-th-2206.07963



6. 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
(including sterile ν)

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

`
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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



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

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

NEM, Sarkar
+ De Cesare, 
Bossingham

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



CPT Violation 

Produce Lepton asymmetry 

Early Universe
T >> TEW

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

(approx.) Constant B0 Background

Contrast with one-loop
conventional 

CPV Leptogenesis
(in absence of H-torsion)

m

Fukugita, Yanagida,

+

NI ! � ` , � `
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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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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



Summary of (stringy-RVM) Cosmological Evolution 

Basilakos, NEM, Sola
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Important Role 
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Right-handed 
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7. Modern-era phenomenology: 
deviations from ΛCDM and 
alleviation of cosmological 

data tensions? 
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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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8. Warm Dark Matter in 
Galaxies: 

Potential role of light sterile 
Neutrinos

in galactic structure &
their interactions with axions

With Arguelles, Ruffini, Rueda
+ Yunis, Carinci, Krut, Lopez Nacir

Moline, Scoccola



Dark Matter m
ay consist of 

more than one

dominant species 

depending on the cosmo era!



Self-Interacting Dark Matter (SIDM)
& small-scale Cosmology 

Early pioneering works in implementing SIDM in N-body simulations

D. N. Spergel and P. J. Steinhardt, PRL 84 ,
3760 (2000)

Figure of merit: (total) cross section per unit DM particle mass

σ/m
Early days:  10 GeV c-2 ≥  m ≥ 1 MeV c-2

in DM haloes with densities  

would imply observational effects in the inner haloes



Self-Interacting Dark Matter (SIDM)
& small-scale Cosmology 

SIDM

SIDM

ΛCDM

ΛCDM

Large Scale Structure:
roughly the same 

Individual galaxies:
more cored & spherical
in SIDM models

M Rocha et al. MNRAS 430, 81 (2013)



Self-Interacting Dark Matter (SIDM)
& small-scale (galactic) Cosmology 

Early pioneering works in implementing SIDM in N-body simulations

D. N. Spergel and P. J. Steinhardt, PRL 84 ,
3760 (2000)

Figure of merit: (total) cross section per unit DM particle mass

σ/m
Early days:  10 GeV c-2 ≥  m ≥ 1 MeV c-2

in DM haloes with densities  

would imply observational effects in the inner haloes

=1 barn/GeV
consistent with
all current 
constraints of
GSC







Compare with typical WIMPs , 
cross section in e.g. in SUSY models
σ/m ≈ 10-22 barn/GeV



New Observables due to DM drag in collding galaxy clusters 

Harvey,Massey,Kitching,Taylor,Titley
arXiv:1503.07675, Science
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arXiv:1503.07675, Science



Self-Interacting Dark Matter (SIDM)
& small-scale (galactic) Cosmology 

Harvey,Massey,Kitching,Taylor,Titley
arXiv:1503.07675, Science



& small-scale Cosmology 







massive vector  
Vμ exchange 

χ = Right-handed neutrino

Arguelles, NEM,
Ruffini, Rueda, 
JCAP (2016)

In  Right-handed neutrino WDM: 
(i) mass of up to O(50) keV,

(ii) interactions stronger than the 
weak force, 108 GF

(iii) massive ~ 104 keV  exchange vector
is OK for core-galaxy structure



Self-Interacting Right-Handed
Neutrino Warm Dark matter 

&
galactic core-halo structures



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 

In halo region RAR model behaves similar to Einasto or NFW profiles
The core region needs revisiting à self interacting fermionic dark matter 

m =O(10) keV Ruffini, Arguelles, Rueda, MNRAS (2015)



A concrete model for SIDM –
Right-handed keV Neutrinos with vector interactions

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038 (2016)

• Assume minimal extension of the Standard Model 
(non-supersymmetric) with right-handed neutrinos (RHN)
self interacting via massive vector exchange
interactions in the dark sector  

• Use models of particle physics, e.g. νMSM 
(Shaposhnikov et al. or our stringy RVM model) with three RHN,  
but augment them with these self-interactions
among the lightest of the RHN (quasi stable à DM)

• Consistency of the halo-core profile of dwarf galaxies
in Milky Way or large Elliptical à mass of lightest RHN
in O(50) keV (WDM) ß Cosmological constraints of νMSM 

Sterile neutrinos as warm DM in galaxies_ 



A concrete model for SIDM –
Right-handed keV Neutrinos with vector interactions

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038 (2016)

• Assume minimal extension of the Standard Model 
(non-supersymmetric) with right-handed neutrinos (RHN)
self interacting via massive vector exchange
interactions in the dark sector  

• Use models of particle physics, e.g. νMSM 
(Shaposhnikov et al. or our stringy RVM model) with three RHN,  
but augment them with these self-interactions
among the lightest of the RHN (quasi stable à DM)

• Consistency of the halo-core profile of dwarf galaxies
in Milky Way or large Elliptical à mass of lightest RHN
in O(50) keV (WDM) ß Cosmological constraints of νMSM 

Sterile neutrinos as warm DM in galaxies_ 

In our stringy RVM for CPTV Leptogenesis

At least one very heavy (m ≥ 𝟏𝟎
𝟓 GEV)

Required 

But we may have  a hierarchy such that

The lightest is of O(50 keV)



A concrete model for SIDM –
Right-handed keV Neutrinos with vector interactions

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038 (2016)

• Assume minimal extension of the Standard Model 
(non-supersymmetric) with right-handed neutrinos (RHN)
self interacting via massive vector exchange
interactions in the dark sector  

• Use models of particle physics, e.g. νMSM 
(Shaposhnikov et al. or our stringy RVM model) with three RHN,  
but augment them with these self-interactions
among the lightest of the RHN (quasi stable à DM)

• Consistency of the halo-core profile of dwarf galaxies
in Milky Way or large Elliptical à mass of lightest RHN
in O(50) keV (WDM) ß Cosmological constraints of νMSM 

Sterile neutrinos as warm DM in galaxies_ 

Recent (nustar) constraints on warm sterile DM mass

Yunis et al. Phys. Dark Univ. 30 (2020) 100699

• e-Print: 2008.08464

Yunis et al. MG16 Proceedings, e-Print: 2111.07642

https://arxiv.org/abs/2008.08464
https://arxiv.org/abs/2111.07642


Sterile (right-handed) neutrinos, I = 1,2,3

+ self-interactions, e.g. vector type  

Or interacting 
with a massive
Dark vector  Aμ
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Right-handed keV Neutrinos with vector self-
interactions & galactic structure

Place the νMSM in curved space time 
ν=ν(r) λ = λ(r) 

Classical fields (eqs of motion) satisfy detailed 
thermodynamic equilibrium conditions
in a galaxy at a temperature T < O(keV) 

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038
(2016)



NB: Alternatively one may have four-fermion
(attractive) current-current interactions

Jµ
V = NRI�

µNRI

Corresponds to a limiting case where 
vector boson mass mV >> momentum scale

Similar effects on galactic structure for 
sufficiently strong interaction couplings gv

LI 3 gvJ
µ
V JV µ



Measure of Strength of self Interactions

Right-handed keV Neutrinos with vector self-
interactions & galactic structure



Right-handed keV Neutrinos with vector self-
interactions & galactic structure

sterile ν 
mass

No solution for
gravitational collapse



47 keV c-2 ≤ m ≤ 350 keV c-2

Right-handed keV Neutrinos with vector self-
interactions & galactic structure

sterile ν 
mass

Allowed WDM mass
range



Non interacting 
right-handed neutrino case
with m = O(10) keV

RHN self Interactions 
make inner Core 
more compact
and increase 
central degeneracy
compared to non-
interacting case 

Arguelles, NEM,
Rueda, Ruffini,  

JCAP 1604, 038 
(2016)

Ruffini, Arguelles, Rueda, 
MNRAS (2015)



N-N Cross sections under 
massive vector exchange

(perturbation theory gV < 1 OK) 

to resolve issues of small-scale
cosmology crisis 

Hidden sector vector interactions -> Much stronger than weak interactions in visible sector 

Arguelles, NEM,
Rueda, Ruffini, 
JCAP 1604, 038 

(2016)
MASS OF 
AμD



N à H ν

Fα1 ≈ 10-10 à mν
2 ≈ 10-3 eV2

Light Neutrino Masses through see saw 

Small Mixing angle 
parametrization  sin2θ ≈ 𝟐𝜽

ms = 
Lightest
sterile  



νMSM non self interacting
Boyarski, Ruchayskiy, Shaposhnikov…

N à H ν
γ

MODEL CONSISTENT WITH BBN, STRUCTURE FORMATION DATA IN THE 
UNIVERSE & ALL OTHER ASTROPHYSICAL CONSTRAINTS but 
constrained severely by x-rays due to the Higgs portal

Perez et al. PRD99 (2019) 083005

3.5 keV DM
signal



νMSM self interacting
(vector) , RAR profile 

Yunis et al., MG16,  arXiv:2111.07642

Yunis, Arguelles, Scoccola, Nacir, Giordano  

3.5 keV DM
signal



νMSM self interacting
Yunis, Arguelles, NEM, Moline, Krut, Carinci, 
Rueda, Ruffini, 
PDU 30 (2020) 100699   • e-Print: 2008.08464

But ....self interactions (or in general Interactions with other DM 
species, e.g. axions) and modified galaxy profiles (RAR+SIDM) 
allow for heavier steriles ... But smaller portal mixing 

DM production
Through

Dark vector
decays

https://arxiv.org/abs/2008.08464


Axion-Sterile-neutrinos interactions

p
3
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Axion-Sterile-neutrinos interactions

p
3
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j = All fermion species, including sterile neutrinos

Derivative coupling of axion with fermions – shift symmetry

Suppressed 

or Majorana



However, non-perturbative 
(eg stringy instanton) effects can
Generate a non-derivative coupling 
of axion b with sterile neutrinos
(steriles are singlet under 
standard model group, hence there
Is preservation of SM gauge groups)

NEM & Pilaftsis 2012
PRD 86, 124038 arXiv:1209.6387



ANOMALOUS MAJORANA NEUTRINO MASS TERMS
from QUANTUM TORSION  

OUR SCENARIO Break such shift symmetry by coupling first b(x) to another 
pseudoscalar field such as QCD axion a(x) (or e.g. other string axions)  

Mavromatos, Pilaftsis arXiv: 1209.6387 

Shift b à b+c symmetric



ANOMALOUS MAJORANA NEUTRINO MASS TERMS
from QUANTUM TORSION  

OUR SCENARIO Break such shift symmetry by coupling first b(x) to another 
pseudoscalar field such as QCD axion a(x) (or e.g. other string axions)  

Yukawa
neutrino fields 

Mavromatos, Pilaftsis arXiv: 1209.6387 

Shift b à b+c symmetric

Shift a à a + c non-symmetric



Field redefinition

so, effective action becomes 

must have                                  otherwise axion field a(x) appears as a ghost à
canonically  normalized kinetic terms                                       

CHIRALITY CHANGE



THREE-LOOP ANOMALOUS STERILE NEUTRINO MASS

ONE-LOOP

CHIRALITY CHANGE

GRAVITONGRAVITON AXION

Λ = UV cutoff



SOME NUMBERS 



SOME NUMBERS 

INTERESTING 
WARM DARK MATTER 

REGIME
Appropriate Hierarchy for the other two massive 
Right-handed neutrinos for Leptogenesis-Baryogenesis
& Dark matter constraints  can be arranged  
by choosing Yukawa couplings



SOME NUMBERS 

INTERESTING 
WARM DARK MATTER 

REGIME
Appropriate Hierarchy for the other two massive 
Right-handed neutrinos for Leptogenesis-Baryogenesis
& Dark matter constraints  can be arranged  
by choosing Yukawa couplings

May be (discrete) symmetry reasons
force two of the heavier RH neutrinos
to be degenerate à dictate patterns
for the axion-RH-neutrino 
Yukawa couplings ya



FINITENESS OF THE MASS

MULTI-AXION SCENARIOS (e.g. string axiverse) 

positive mass spectrum 
for all axions

simplifying all mixing equals

Arvanitaki, Dimopoulos et al.



MULTI-AXION SCENARIOS (e.g. string axiverse) 

positive mass spectrum 
for all axions

simplifying all mixing equals

MR : UV finite for n=3 @ 2-loop, independent of axion mass  

FINITENESS OF THE MASS
Mavromatos, Pilaftsis arXiv: 1209.6387 



Open Issues 
Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of 
Sterile neutrinos 
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Open Issues 
Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of 
Sterile neutrinos 

Recall b axion mass can be that of QCD axion in our scenario

but large masses can also be allowed, depending on the model,
also for compactification stringy axions
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Open Issues 
Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of 
Sterile neutrinos 

Recall b axion mass can be that of QCD axion in our scenario

but large masses can also be allowed, depending on the model,
also for compactification stringy axions

May be both axion and sterile neutrino warm DM pay  a role
in galactic structure…
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Open Issues 
Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of 
Sterile neutrinos 

Recall b axion mass can be that of QCD axion in our scenario

but large masses can also be allowed, depending on the model,
also for compactification stringy axions

We also argue that DM may also consist of
PBH,  whose production can be enhanced during RVM 
Inflation due to axion potential modulation by world-sheet
Instanton effects in our string-inspired model…
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Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of 
Sterile neutrinos 

Recall b axion mass can be that of QCD axion in our scenario

but large masses can also be allowed, depending on the model,
also for compactification stringy axions

We also argue that DM may also consist of
PBH,  whose production can be enhanced during RVM 
Inflation due to axion potential modulation by world-sheet
Instanton effects in our string-inspired model…
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Outlook
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Role of interacting

stringy Axions 

& sterile ν As DM componentS

IN GALACTIC STRUCTURE

+

Primordial black holes

As DM component 

(enhanced production

during inflation)
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Outlook:

(i) Search for 

axion-background -induced 

Lorentz and CPT Violation 

in  early Universe (CMB, etc)

(ii) Potential search for negative  

coefficient of H2

in RVM inflationary energy density 

due to grav. anomalies

(ii) Axion Cosmology – exclude 

String-Compactification models 

phenomenologically Mehta et al. 
e-Print: 2011.08693

Marsh, e-Print: 1510.07633

https://arxiv.org/abs/2011.08693
https://arxiv.org/abs/1510.07633
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Primordial Gravitational Waves (GW) 
Potential origins ? 
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Potential origins ? 
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Not equal probabilities 
for occupying + or – vacua
p+ ≠ p- = 1 – p+ 

à percolating unstable
domain walls à GW

Lalak, Ovrut,
Lola, G. Ross,

Thomas
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Dark Energy

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

RVM

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

H2 ,

decel. parameter q ≈ const

in each cosmic epoch 



Dark Energy

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

RVM

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)
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Also: Ellis, NEM, Nanopoulos
(1998) – in non critical strings



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

Potential ways out:
Jin, Brandenberger,
Heisenberg, 
Eur. Phys. J. C (2021) 
81:162

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

Anomaly condensate à linear axion potential 
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Ooguri, Vafa, ...Palti

Trapped inflation scenarios
(moduli production @ 
enhanced symmetry points)
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Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 

Collisionless Relaxation mechanics in galaxies  (King Model) 

average
Violent relaxation (Lynden Bell (1967))  

total energy not conserved

entropy maximization at fixed 
total mass &energy



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 
Ruffini & Stella, A & A (1983) 

Collisionless Relaxation mechanics in galaxies  

(King distribution at classical level)

rotational velocities
average



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 
Gao, Merafina, Ruffini, A & A (1990) 

Collisionless Relaxation mechanics in galaxies  

Fermi distribution
Pauli exclusion principle

Equation of State

in curved metric 



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 
Gao, Merafina, Ruffini, A & A (1990) 

Einstein equations 

First law of thermodynamics (Klein conditions)

Rµ⌫ � 1

2
gµ⌫R = 8⇡GTµ⌫



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 
Gao, Merafina, Ruffini, A & A (1990)

Ruffini, Arguelles, Rueda, MNRAS (2015)
Dimensionless form  of equations m=fermion mass

(``ino’’) 

Initial conditions

Dark matter halo observables
of spiral galaxies (boundary conditions)



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 
Ruffini, Arguelles, Rueda (RAR), MNRAS (2015)

Density profiles
of galaxies



Earlier Studies:
massive (non-interacting) fermions in galaxies 

@ a quantum level 
Ruffini, Arguelles, Rueda (RAR), MNRAS (2015)


