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What is (if ...) the role of Quantum Gravity? 

Effective field theories of Universe evolution as a first step? 
Embed them in string theory (microscopic quantum gravity model)?
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Part I 
Running Vacuum Model 

of the Universe: 
general features 



Shapiro + Sola 
Sola + ...(2000) 

Renormalization-Group-like equation for the evolution of  vacuum  energy density 
                                             Hubble parameter H(τ) "! RG scale µ 

RUNNING VACUUM MODEL (RVM) for the UNIVERSE   

Vacuum energy 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 



Shapiro + Sola 
Sola + ...(2000) 

Renormalization-Group-like equation for the evolution of  vacuum  energy density 
                                             Hubble parameter H(τ) "! RG scale µ 

RUNNING VACUUM MODEL (RVM) for the UNIVERSE   

Vacuum energy 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 

Also in non-critical strings  
Ellis NEM Nanopoulos (‘98) 



Renormalization-Group-like equation for the evolution of  vacuum  energy density 
                                             Hubble parameter H(τ) "! RG scale µ 

RUNNING VACUUM MODEL (RVM) for the UNIVERSE   

Vacuum energy 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 
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⌫ = O(10�3)

O(10�4) . ↵ . O(1)
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2
c0 ' 10�122 M4

Pl
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Total energy:  

Shapiro + Sola 
Sola + ...(2000) 



Cosmological Evolution of RVM 

m = matter, radiation 

Solution 

Early de Sitter 
(unstable)  

Radiation 

Late dark-Energy 
dominated era c0 dominant 

Basilakos, Lima, 
Sola + Gomez Valent  
+ ...  (2013 - 2018 ) 
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Dominant in early Universe ! drives inflation  
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Lima ,Sola + ... 

includes scalar d.o.f. 
``vacuumon’’  

Basilakos 
NEM, Sola  
(2019) 
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Part II 
Quantum Anomalies 

in (string-inspired) field theory 



Anomalies in Quantum Field Theory:  
 

Classical Symmetry ! 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 ! triangular graphs 

Alvarez-Gaume, Witten 



Mixed Anomalies (Gravitational + Gauge) 

rµJ
5µ =
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covariant derivative 
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Axial Current 
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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               



Gravitational Anomalies & Diffeomorphism Invariance   

Topological 
does NOT 
contribute to 
stress tensor 

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

Z
d4x

p
�g b(x)
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Cotton tensor  

Traceless Jackiw, Pi (2003) 



Einstein’s equation 

Gravitational Anomalies & Diffeomorphism Invariance   

Diffeomoprphism 
invariance breaking by 
gravitational anomalies  

2Tµ⌫
matter ;µ = Cµ⌫

;µ 6= 0
<latexit sha1_base64="ZTolnX52gC9uVK14hrnxK631xl8="></latexit>

- 

- 
8 

= -  



Torsion & Mixed Anomalies  
Geometries with Torsion: metric and spin-connection independent,   

Torsion 2-form 

Torsion-free 
spin connection 

Contorsion 

Christoffel symbol has antisymmetric component 

gµ⌫ = eaµ ⌘ab e
b
⌫

�⇢
µ⌫ 6= �⇢

⌫µ
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metric 

spin connection 



Torsion & Mixed Anomalies  
Geometries with Torsion: metric and spin-connection independent,   

Torsion 2-form 

Torsion-free 
spin connection 

Contorsion 

Christoffel symbol has antisymmetric component 

gµ⌫ = eaµ ⌘ab e
b
⌫

�⇢
µ⌫ 6= �⇢

⌫µ
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metric 

spin connection 



Fermionic Field Theories with H-Torsion 
EFFECTIVE ACTION AFTER INTEGRATING OUT  

QUANTUM TORSION FLUCTUATIONS 

+ standard Dirac terms without torsion  

Fermions: 

Bianchi identity 

conserved  
``torsion ‘’ charge  

classical  

Postulate conservation at quantum level by adding counterterms 

Implement                       via                   constraint  
!   lagrange multiplier  in Path integral ! b-field   

Tabc ! Hcab = ✏cabd @
d
b



Torsion & Fermions – QED WITH TORSION  AS A STUDY CASE  

+ standard Dirac terms without torsion  

Duncan, Kaloper, Olive (1992) 

SQED
torsion = �

Z
d4x

p
�g

1

4
Fµ⌫ F

µ⌫ + S 
<latexit sha1_base64="R+TbkxC7TzLLNFwK4qnnkp6TY3E="></latexit>

Dµ = @µ +
i

4
[�a, �b]!abµ
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STRESS TENSOR  

Torsion is NON-PROPAGATING FIELD IN QED ! Classical Eqs of motion  

classical  conserved  
``torsion ‘’ charge  

Postulate conservation at quantum level by adding counterterms 



Implement              via             constraint 
  
à     lagrange multiplier  in Path integral  
! pseudoscalar  b(x)- field   



Implement              via             constraint 
  
à     lagrange multiplier  in Path integral  
! pseudoscalar  b(x)- field   



Implement              via             constraint 
  
à     lagrange multiplier  in Path integral  
! pseudoscalar  b(x)- field   

partial integrate 



Implement              via             constraint 
  
à     lagrange multiplier  in Path integral  
! pseudoscalar  b(x)- field   

partial integrate 

Use chiral anomaly equation (one-loop) in curved space-time: 



Hence, effective action of torsion-full QED contains terms:  



Hence, effective action of torsion-full QED contains terms:  

bRR̃� bF F̃
Equivalent to:  b ! dynamical 

(massless axion-like) field 
with  

anomalous CP-Violating  
interactions  



A non-trivial example of Torsion: String Theories 
with Antisymmetric Tensor Backgrounds  

NEM & Sarben Sarkar, arXiv:1211.0968 (EPJC) 
John Ellis, NEM & Sarkar, arXiv:1304.5433 (PLB) 
De Cesare, NEM & Sarkar arXiv:1412.7077 (EPJC) 
Bossingham, NEM & Sarkar, arXiv:1712.03312 (EPJC) 
Bossingham, NEM & Sarkar, arXiv:1810.13384 (EPJC) 

Gross and Sloan, Metsaev and Tseytlin 
Campbell, Duncan, Kaloper and Olive  



Massless Gravitational multiplet of (closed) strings: spin 0 scalar (dilaton)  
                                                                                               spin 2 traceless symmetric rank 2 
                                                                                               tensor (graviton)  
                                                                                               spin 1 antisymmetric rank 2 tensor 
             

A non-trivial example of Torsion: String Theories 
with Antisymmetric Tensor Backgrounds  



Massless Gravitational multiplet of (closed) strings: spin 0 scalar (dilaton)  
                                                                                               spin 2 traceless symmetric rank 2 
                                                                                               tensor (graviton)  
                                                                                               spin 1 antisymmetric rank 2 tensor 
             

Bµ⌫ = �B⌫µ

Effective field theories (low energy scale E << Ms) `` gauge’’ invariant   

Bµ⌫ ! Bµ⌫ + @[µ✓(x)⌫]

Depend only on field strength :   Hµ⌫⇢ = @[µB⌫⇢]

Bianchi identity :  @[�Hµ⌫⇢] = 0 ! d ?H = 0

A non-trivial example of Torsion: String Theories 
with Antisymmetric Tensor Backgrounds  

KALB-RAMOND FIELD  



ROLE OF H-FIELD AS TORSION 

4-DIM  
PART  

Contorsion 

) 

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT 

R(�)
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κ2 = 8π G 

generalised  
curvature 



ROLE OF H-FIELD AS TORSION – AXION FIELD  
EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT 

4-DIM  
PART  

IN 4-DIM DEFINE DUAL OF H AS :   
b(x) = Pseudoscalar  

(Kalb-Ramond (KR) axion) 

) 

⇠ 1

2
@µb @µb

κ2 = 8π G 

R(�)
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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  



FERMIONS COUPLE TO H –TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE 

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM  

contorsion 

Kabc =
1

2

⇣
Tcab � Tabc � Tbca

�

Da = @a �
i

4
!bca�

bc
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⇣
Tcab � Tabc � Tbca

�

Da = @a �
i

4
!bca�
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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 

Da = @a �
i

4
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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  �
a�5 
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FERMIONS COUPLE TO H –TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE 

TORSIONFUL CONNECTION 

Non-trivial contributions to Bµ 

B
d ⇠ ✏

abcd
Hbca

S 3
Z

d4xBa  �
a�5 

<latexit sha1_base64="qxJ/Fhmo/uq9y7lK+yo+WCxZtBY="></latexit><latexit sha1_base64="qxJ/Fhmo/uq9y7lK+yo+WCxZtBY="></latexit><latexit sha1_base64="qxJ/Fhmo/uq9y7lK+yo+WCxZtBY="></latexit><latexit sha1_base64="qxJ/Fhmo/uq9y7lK+yo+WCxZtBY="></latexit>

b(x) = KR (gravitational) axion



FERMIONS COUPLE TO H –TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE 

TORSIONFUL CONNECTION     à      AXION-LIKE CP-VIOLATING INTERACTION 

Non-trivial contributions to Bµ 

B
d ⇠ ✏

abcd
Hbca

S 3
Z

d4xBa  �
a�5 
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b(x) = KR (gravitational) axion

�
Z

d4x
p
�g @↵b

⇣
 �↵ �5  

⌘
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Universal (gravitational) Coup[ling



NEM + Sarkar 
            de Cesare 
             Bossingham 

In string-theory (inspired)  Cosmologies with such KR-b axions 
there are solutions with  
 
 
 
 
 
 
 
à Spontaneously Broken Lorentz (& CPT) Symmetry (SBL) 
 
à massless KR axion = Goldstone Boson of SBL 

b(t) = constant x t ,    t = FLRW cosmic time 

Antoniadis, Bachas,  
Ellis, Nanopoulos 



Covariant Torsion tensor  

Constant  

constant B0  

When db/dt = constant  à Torsion is constant  

Tijk ⇠ ✏ijk ḃ

/ ḃ
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Covariant Torsion tensor  

Constant  

constant B0  

Standard Model Extension type with CPT and Lorentz Violating background b0 =B0  

When db/dt = constant  à Torsion is constant  

Tijk ⇠ ✏ijk ḃ

γν 

LV & CPTV 
M ⌘ m+ bµ �

5 �µ

/ ḃ
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Kostelecky et al. 



NEM + Sarkar 
            de Cesare 
             Bossingham 

In string-theory (inspired)  Cosmologies with such KR-b axions 
there are solutions with  
 
 
 
 
 
 
 
à Spontaneously Broken Lorentz (& nCPT) Symmetry (SBL) 
 
à massless KR axion = Goldstone Boson of SBL 

Gravitational Anomalies-induced  condensates 
due to primordial gravitational waves lead to 

such Backgrounds for the b –field  

Basilakos, NEM, Sola 
(2019)  

b(t) = constant x t ,    t = FLRW cosmic time 

Antoniadis, Bachas,  
Ellis, Nanopoulos 



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 



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

KR-axion anomalous 
CP-Violating interaction

Z =

Z
DHDb exp(�H ^ ⇤H + c1b(dH � G) + . . . )
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KR-axion anomalous 
CP-Violating interaction

We shall use this later on to construct our  
Cosmological model leading to CPT-Violation-induced 
Matter-Antimatter Asymmetry in the (string) Universe 

Inclusion of Fermions 

Axial Current 

p
3
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The Model  
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All fermion species



Part III 
Gravitational Anomalies: 
SLSB & induced Inflation 



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



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

Primordial Gravitational Waves à  
Condensate < ...> of Gravitational Anomalies  

Gravitational
Chern-Simons (gCS) 

quantum ordered



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

Gravitational
Chern-Simons (gCS) 

quantum ordered

Cosmological-
Constant-likeCondensate < ...> of  

Gravitational Anomalies  



Equations of Motion  

Axion b(x)-Field

Metric tensor (Einstein eqs)

Λ =  

b 

Diffeo-invariance breaking 



Equations of Motion  

Axion b(x)-Field

Metric tensor (Einstein eqs)

Λ =  

b 

Diffeo-invariance breaking 

If anomaly condensate à constant b 
                              (LV solution)



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

0 during  
inflation 



Effective action contains  CP violating axion-like coupling  
 

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

0 during  
inflation 

Alexander, Peskin, 
Sheikh -Jabbari 

b(x)-b(t) 
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Effective action contains  CP violating axion-like coupling  
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space time in the  
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time evolution of Anomaly 

K0 = const.
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Spontaneous  
LV solution 

Planck Data   

µ = UV k-momentum Cut-off 

H/MPl < 10�4
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to ensure constant anomaly 
µ / Μs = O(103) 

↵0 = M�2
s
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Grav. Anomaly Equation 
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Hḃ ⌧ 1
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time evolution of Anomaly 

K0 = const.
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Spontaneous  
LV solution 

Planck Data   

µ = UV k-momentum Cut-off 

H/MPl < 10�4
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Solutions (backgrounds) to the Eqs of Motion 

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



Solutions (backgrounds) to the Eqs of Motion 

Using slow-roll assumption for both fields, b  and  the inflaton φ  

Planck Data   

@ end of  
Inflationary 
era  

Running-vacuum 
type contribution of GA  
to energy density  

Shapiro-Sola  
H = Hinfl ' const.
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Solutions (backgrounds) to the Eqs of Motion 

Using slow-roll assumption for both fields, b  and  the inflaton φ  

Planck Data   

@ end of  
Inflationary 
era  

Running-vacuum 
type contribution of GA  
to energy density  

Shapiro-Sola  
H = Hinfl ' const.
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Undiluted KR axion background 
at the end of Inflation 



Solutions (backgrounds) to the Eqs of Motion 

Using slow-roll assumption for both fields, b  and  the inflaton φ  

Planck Data   

@ end of  
Inflationary 
era  

Running-vacuum 
type contribution of GA  
to energy density  

Shapiro-Sola  
H = Hinfl ' const.
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Can be generated 
by gravitnl. anomaly 
condensates ~ H4  



Gravitational Anomaly Condensates  à Dynamical Inflation  

Basilakos, NEM, Sola 
Cotton tensor properties
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Gravitational Anomaly Condensates  à Dynamical Inflation  

Basilakos, NEM, Sola 

0 
Approx. constant

Cotton tensor properties

< 0  
(cf. Gauss-Bonnet-dilaton
coupling case )



Gravitational Anomaly Condensates  à Dynamical Inflation  

Basilakos, NEM, Sola 

0 
Approx. constant

b

Cotton tensor properties

+ 



Equations of Motion  

Metric tensor (Einstein eqs)

Λ =  

b 



Equations of Motion  

Metric tensor (Einstein eqs)

Λ =  

b 



Role of Anomaly Condensate 
Positive
Cosmological
Constant-like

Positive total energy density since Λ-term dominates

RVM-like terms 
drive inflation 
contain scalar d.o.f. 
``vacuumon’’ 

Basilakos,NEM, 
Sola .... 



Post Inflationary Era 



Cancellation of Gravitational Anomalies in Radiation Era 
by: 

Chiral Fermionic Matter generation @ end of Inflation 

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



Cancellation of Gravitational Anomalies in Radiation Era 
by: 

Chiral Fermionic Matter generation @ end of Inflation 

Axial Current 
KR-axion anomalous 

CP-Violating interaction

Recall:  
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KR-axion anomalous 
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chiral U(1) or QCD-type 
anomalies 



Cancellation of Gravitational Anomalies in Radiation Era 
by: 

Chiral Fermionic Matter generation @ end of Inflation 

Axial Current 
KR-axion anomalous 

CP-Violating interaction

Recall:  

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

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



Cancellation of Gravitational Anomalies in Radiation Era 
by: 

Chiral Fermionic Matter generation @ end of Inflation 

Axial Current Partial Integrate

Recall:  

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



Cancellation of Gravitational Anomalies in Radiation Era 
by: 

Chiral Fermionic Matter generation @ end of Inflation 

Chiral current, including RHN 

(Mixed) Anomaly equation 

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



Cancellation of Gravitational Anomalies in Radiation Era 
by: 

Chiral Fermionic Matter generation @ end of Inflation 

Chiral current, including RHN 

chiral U(1)           Gluon QCD
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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  

Possibly also QCD type  

Chiral current, including RHN 

Scale factor a(t) ~ T-1  
b=b(t),  

ḃ =
const.

a3(t)
+ . . .
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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  
Possibly also QCD 

Possibly also QCD type  

Chiral current, including RHN 

Scale factor a(t) ~ T-1  

and/or QCD type 



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  



Part IV 
Gravitational Anomalies 

& 
Lorentz- & CPT-Violating 

Leptogenesis  



Microscopic Mechanism  For LV & CPTV H-Torsion Background  

S Basilakos, NEM, J Sola (2019) 

Inflationary (de Sitter) Phase  

Primordial  
Gravitational 
Waves  

Undiluted 
constant 
H-torsion (B0) 
background 
+ chiral matter 
   generation 
@ inflation exit   

Radiation Era  

  

B0 / T 3
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(slowly  
varying) 

Leptogenesis 
(decays of RHN) 

Gravitational 
anomaly (GA) 

Cancellation of GA 
(consitency of QFT) 

NEM, Sarkar 
Bossnigham 



Early Universe 
T >> TEW   

Heavy RHN interact with axial constant background  
 
with only temporal component B0 ≠ 0  

NEM, Sarkar,  
+ de Cesare, Bossingham 



Lorentz &  
CPT Violation  

Early Universe 
T >> TEW   

Heavy RHN interact with axial constant background  
 
with only temporal component B0 ≠ 0  

NEM, Sarkar,  
+ de Cesare, Bossingham 



Lorentz &  
CPT Violation  

Early Universe 
T >> TEW   

Heavy RHN interact with axial 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.  



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 > 105 GeV   

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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CPT Violating Leptogenesis   Early Universe 
T > 105 GeV   

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

m

NI ! � ` , � `
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CPT Violation  Early Universe 
T > 105 GeV   

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

m

One generation of 
massive neutrinos N  
suffices for generating 
CPTV Leptogenesis; 

NI ! � ` , � `
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CPT Violation  Early Universe 
T > 105 GeV   

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

m

One generation of 
massive neutrinos N  
suffices for generating 
CPTV Leptogenesis; 
mass  m free 
to be fixed 
 
 

NI ! � ` , � `
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CPT Violation  

Produce Lepton asymmetry  

Early Universe 
T > 105 GeV   

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

m

NI ! � ` , � `
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Constant B0 ≠ 0  
background 



CPT Violation  

Produce Lepton asymmetry  

Early Universe 
T > 105 GeV   

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

Constant B0 ≠ 0  
background 

m

* Solving system 
of Boltzmann eqs 

NI ! � ` , � `
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Decoupling Temperature TD  : decay process out of equilibrium 
@ which Lepton asymmetry is evaluated 

assume standard 
cosmology D 

for one generation 
of RH heavy neutrino 

Estimate: Total Lepton number asymmetry 
 
 
 
 
                  via solving the appropriate system of Boltzmann equations:  
 

* 
d.o.f. 

⇣
N ! `��+, ⌫ �0

⌘
�

⇣
N ! `+��, ⌫ �0

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

Bossingham, NEM, 
Sarkar 
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Fukugita, Yanagida, 

CPT Violation  

Produce Lepton asymmetry  

Observed Baryon Asymmetry  
In the Universe  (BAU)  

Equilibrated electroweak 
B+L violating sphaleron interactions 
 

Kuzmin, Rubakov, 
Shaposhinkov 

Environmental 
Conditions Dependent  

Early Universe 
T > 105 GeV   

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

B-L conserved 

m
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Estimate BAU by fixing CPTV background parameters 
In some models this means fine tuning ….   

Environmental 
Conditions Dependent  

Early Universe 
T > 105 GeV   

Lepton number & CP Violations @ tree-level  
due to Lorentz/CPTV Background 
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B0  : (string) model: cancellation of gravity anonaly 
         @ exit from inflation  implies  
 
 
 
         i.e. scales @ leptogenesis era @ T ≈ Td = 105 GeV,  
         from B0 = const = 1 MeV to :        
 
             
 
        (ii) or B0 small today but non zero  
 
 
        
 
 
 
 
  

B0 ⇠ ḃ ⇠ 1/a3(t) ⇠ T 3

Quite safe from stringent  
Experimental Bounds  

|B0| < 10�2 eV
Bi ⌘ bi < 10�31 GeV
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         @ exit from inflation  implies  
 
 
 
         i.e. scales @ leptogenesis era @ T ≈ Td = 105 GeV,  
         from B0 = const = 1 MeV to :        
 
             
 
        (ii) or B0 small today but non zero  
 
 
        
 
 
 
 
  

B0 ⇠ ḃ ⇠ 1/a3(t) ⇠ T 3

Quite safe from stringent  
Experimental Bounds  

|B0| < 10�2 eV
Bi ⌘ bi < 10�31 GeV

If chiral U(1) 
anomalies  present   

 
 B0 ⇠ T 2
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Summary of 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 GA B0 / T 3
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Leoptogenesis induced by 
RHN (tree-level) decays 
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B-L conserving sphelaron processes ! Baryongenesis  

Inflationary (de Sitter) Phase  
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Matter Era and KR axion as source of Dark Matter 

During QCD era

QCD Instantons can generate an axion-shift-symmetry breaking potential  

b-axion Mass 

Compatible with  
QCD-Axion  

Phenomenology 
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B-L conserving sphelaron processes ! Baryongenesis  

Modern de-Sitter Era  

Matter Era  Possible potential generation for b – mixing with 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≈ !0-33 eV  



 

•  CPT Violation (CPTV)  due to (strong) quantum fluctuations in  space-time at 
early eras or LV early Universe Geometries (with background flux fields) 

     is a possibility and may explain the observed matter-antimatter asymmetry in    
     the cosmos, consistently with current-era bounds of CPTV  
 

•  One framework for early universe CPTV: Standard Model Extension (SME) 
 

•  A string-inspired model of the Early Universe entailing CPT and Lorentz 
Violation due to Kalb-Ramond-axion- modified background geometries – 
Consistent phenomenology in current era  

•  GRAVITATIONAL ANOMALIES induced by PRIMORDIAL GRAVITY WAVES 
      during inflation ! UNDILUTED Kalb-Ramon Axion Background @inflation exit 
•  crucial for :  
     BARYOGENESIS THROUGH LEPTOGENESIS via Supermassive Right Handed  
      Neutrinos during Radiation-dominace era  

•  OUTLOOK: UNDERSTANDING POTENTIAL ROLE OF KR AXIONS AS 
SOURCES OF (AXIONIC) DARK MATTER IN THE UNIVERSE  
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Part IV 
Matter-Antimatter 

Asymmetry  
in the Universe 



STANDARD MODEL INCOMPATIBLE 
WITH  BARYOGENESIS 

•  Matter-Antimatter asymmetry in the 
Universe       Violation of Baryon # (B), C & CP 

•  Tiny CP violation (O(10-3)) in Labs: e.g.                     
 

•  But Universe consists only of matter                   

00KK

T > 1 GeV 

Sakharov : Non-equilibrium physics of early Universe, B,  C, CP violation 
                                            
                                           but not quantitatively in SM, still a mystery  

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11

Assume 
CPT 

invariance 



Within the Standard Model, lowest CP Violating structures 

Kobayashi-Maskawa CP Violating phase 

Shaposhnikov 

<< 

This CP Violation  
Cannot be the  
Source of Baryon 
Asymmetry in  
The Universe 

T ' Tsph

nB � nB

nB + nB
⇠ nB � nB

s
= (8.4� 8.9)⇥ 10�11

Rubakov, Kuzmin, Shaposhnikov, 
Gavela, Hernandez, Orloff,Pene 

T > Tsph  sphalerons @ equilibrium 
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Role of Neutrinos?  

•  Several Ideas to go beyond the SM (e.g. 
GUT models, Supersymmetry, extra 
dimensional models etc.) 

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

extensions of SM with:   
   extra CP Violation and thus Origin of 

Universe’s matter-antimatter 
asymmetry due to neutrino masses, Dark 
Matter  
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SM Extension with N extra right-handed neutrinos (RHN)  

Minkowski, Fukugita, Yanagida,  
Mohapatra, Senjanovic, Lazarides, Shafi, Wetterich, 
Sechter, Valle, Paschos, Hill, Luty,  
Vergados, de Gouvea…, Liao, Nelson,  
Buchmuller, Anisimov, di Bari…, Akhmedov, Rubakov, 
Smirnov, Davidson, Giudice, Notari, Raidal, Riotto,  
Strumia, Hernandez, Giunti... 
Pilaftsis, Underwood (heavy RHN ! leptogenesis),  
Shaposhnikov, Asaka, Blanchet, Boyarski, Ruchayskiy 
(νMSM, light RHN)…  



SM Extension with N extra right-handed neutrinos RHN )  

Minkowski,  
Fukugita, Yanagida,  
Mohapatra, Senjanovic,  
Lazarides, Shafi, 
Wetterich, 
Sechter, Valle,  

seesaw
explain light SM ν  masses

Fα1 ≈ 10-10 !  mν
2 ≈ 10-3 eV2 

  



CPT CONSERVING Thermal Leptogenesis  

CPT Conserved   

Early  
Universe 
T >> TEW =102 GeV   
Lepton number & CP Violations @ LOOP LEVEL NECESSARILY,  
                                                           WITH MORE THAN ONE FLAVOUR OF HEAVY RHN   

+ 

HEAVY MI  > MW 



SM Extension with N extra right-handed neutrinos (RHN)  

NEM + Sarkar, DeCesare, Bossingham, 
          + Basilakos, Sola (2019) 

Embed this model into our String-Inspired 
Gravitationally Anomalous RVM framework



CPT Invariance Theorem : 
A quantum field theory 
lagrangian is invariant 
under CPT if it satisfies  
(i)  Flat space-times 
(ii)  Lorentz invariance 
(iii)  Locality 
(iv)  Unitarity  

(ii)-(iv) Independent reasons for violation 

Schwinger, Pauli, 
Luders, Jost, Bell 
revisited by: 
Greenberg, 
Chaichian, Dolgov, 
Novikov, Fujikawa, 
Tureanu ... 

Conditions for the Validity of CPT Theorem  

P : ~x ! �~x, T : t ! �t(T ), C (qi) =  (�qi)
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