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Important (last ~ 20 yrs) Discoveries in Cosmology/Astronomy

ENERGY DISTRIBUTION
OF THE UNIVERSE

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? ....)

Time (s)
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Important (last ~ 20 yrs) Discoveries in Cosmology/Astronomy

ENERGY DISTRIBUTION
OF THE UNIVERSE

hat still we do not know/did not ok ~ve:
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Effective field theories of Universe evolution as a first step?
Embed them in string theory (microscopic quantum gravity model)?
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I. Running Vacuum Model of the Universe: general features

Il. Quantum Anomalies: In (string-inspired) field theory
+ Torsion - appearance of (gravitational) axions
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Anomalies-induced Inflation and Running Vacuum Model:
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IV. Matter-Antimatter Asymmetry from CPT Violation in early
Universe: Lorentz Violating Background (flux) fields in string-inspired
models & Baryogenesis through Leptogenesis

in models with heavy RHN + gravitational axions

V. Conclusions-Outlook
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RUNNING VACUUM MODEL (RVM) for the UNIVERSE | Shapiro + Sola
Sola + ...(2000)

Vacuum energy assumed de Sitter like but with time-dependent Cosmological
parameter A(t) : A 5 »
prvm(t) = A(t) /K k= V881G = My,
A(t
p(t)rvm = —Piyag (t)

Renormalization-Group-like equation for the evolution of vacuum energy density
Hubble parameter H(t) <> RG scale u
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HG
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general covariance -
even powers of H
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Vacuum energy assumed de Sitter like but with time-dependent Cosmological
parameter A(t) : A 5 »
PrvMm(t) = A(t)/k k= V881G = My,
A(t
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Renormalization-Group-like equation for the evolution of vacuum energy density
Hubble parameter H(t) <> RG scale u
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l general covariance -
even powers of H

Relevant for Cosmological observation/phenomenology up to and including H*
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Basilakos, Lima,
Cosmological Evolution of RVM | sola + Gomez Valent
+ ... (2013 -2018)

: 3 co H?
H+=-(1 H*(1l—-v— —= —a— | =
‘ +2( + w) ( V= 2 aHIz) 0

W= Pm/Pm  m =matter, radiation

pm + 3(1 + w)Hpm = —pyvm

Solution

1—1/)1/2 HI

H =
(a) ( VD 30— (+wm) 1 1

(81

D >0

Early de Sitter [g4(1-v) &« 1 |:> H? = (1 —v)H2?/a

(unstable)

w=1/3

Late dark-Energy H2(a) _ Hg [Qmo q30-v) o QAO]

dominated era C, dominant



Basilakos, Lima,
Cosmological Evolution of RVM | sola + Gomez Valent

+.. (2013 -2018)

. 3 9 Co H?

W= Pm/Pm  m =matter, radiation

pm + 3(1 + w)Hpm = —pyvm

Soluti
olution e (1—1/)1/2 H,
a) —
« \/D a3(1_")(1+wm) 1
T D>o0
Early de Sitter\ [Dg4(1-v) &« 1 2 _ (1 _ 2
.y 2 31-v)(1+wm) , ,—4
Radiation Da*'™") > 1 :> H a®l V)i/gw ) ~a
W =
Late dark-Energy 2, \ _ e —3(1—v =
dominated era H*(a) = Hg [Qmoa 0 4 QAO] c, dominant



RUNNING VACUUM MODEL (RVM) for the UNIVERSE ghfpiro + Sola
ola + ...

Vacuum energy assumed de Sitter like but with time-dependent Cosmological

parameter A(t) : A 5 »
prvm(t) = A(t) /K k= V881G = My,
p(t)rva = — P (t)

Renormalization-Group-like equation for the evolution of vacuum energy density
Hubble parameter H(t) <> RG scale u

Dominant in early Universe - drives inflation Basilakos,
- no need for external inflatons Lima ,Sola + ...

enology up to and including H*
v =0(1077)
010 < a S001)

3
total A dust diati = eq ~ 107122 ppd
Total energy: P otal _ PRVM 4 p us 4 pra iation > 0 Pl

Relevant for Cosmological observation/phen

A(H) — i (CO+I/H2

K2 K2

prvm(H) =




RUNNING VACUUM MODEL (RVM) for the UNIVERSE ghfpiro + Sola
ola + ...

Vacuum energy assumed de Sitter like but with time-dependent Cosmological

parameter A(t) : A 5 »
prvm(t) = A(t) /K k= V881G = My,

A
p(t) RV = — Py (1)

Renormalization-Group-like equation for the evolution of vacuum energy density
Hubble parameter H(t) <> RG scale u

Dominant in early Universe - drives inflation Basilakos,

- no need for external inflatons Lima ,Sola + ...
| | Basilakos
includes scalar d.o.f. NEM, Sola
“‘vacuumon’’ (2019)

Relevant for Cosmological observation/phengmenology up to and including H*
. _ =3
pAr (.PI):IX(I{):i C -{—I/}I2 V_O(lo )
RVM K2 K2 \ 0 O(107) < a SO(1)

3
total A dust diati = eq ~ 107122 ppd
Total energy: P otal _ PRVM 4 p us 4 pra iation > 0 Pl




IN THIS TALK: present microscopic galsilakos, NEM,
- - - ola
(string-inspired) model | _ . . 007 04800

for RVM Universe.... & IJMD28 (2019)
1944002
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Part Il

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)

S j ~ ~
— LV pOo LV
V J \ (R’“’P" R — B I )
gravitational Sp _x) TN ). _
covariant derivative S Z] WiV 77 ¥j  Axial Current

~ 1 ~ 1
_ AT _
R;u/pa — 58;1,1/)\7TR po F;u/ — 55;1,1/;)0 P

— sgn(g)
LV po LV po
gll,l/pO' — —4g E,Lu/po'; gl Pe — ==~ G'L P

V=Y

g

Anomaly terms are total derivatives:

\/jg (R,Lu/po E,Lu/pa —F pv FNV) FICm‘XQd( ) N a“ (FIlexed( ))
2

=29, [60 (D +

w,, wgd,) — QehvaP (Af/ BQA% - 3 fijk Al Al Ag)]



Mixed Anomalies (Gravitational + Gauge)

VIO = (Rj R — B, )
~ N

gravitational JSp, — _) TN ) | _
covariant derivative ZJ?/JW ) d] Axial Current

~ 1 ~ 1
_ AT _ o
R;u/pa — §€;LI/)\WR po Fp,l/ - §5uupa P

— sgn(g)
W po vpo
Eywwpe = V Y €uvpo s etP? = =2 HVP

V=Y

Anomaly terms are total derivatives - can couple to axion-like fields b
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Mixed Anomalies (Gravitational + Gauge)

VIO = (Rj R — B, )
~ N

gravitational JSp, — _) TN ) | _
covariant derivative ZJ?/JW ) d] Axial Current

~ 1 ~ 1
_ AT _ o
R;u/pa — §€;LI/)\WR po Fp,l/ = =€ P

9 LV pO

— sgn(g)
W po vpo
Eywwpe = V Y €uvpo s etP? = =2 HVP

V=Y

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

gl /d4r\/_[ (,,,,MR“”"" F,“,F"”)+...].

N

Contributions to Stress tensor YES NO



Gravitational Anomalies & Diffeomorphism Invariance

d4£lf —g b(ﬂ?) (R,Lu/po‘ Em/pa . F,u,z/ ﬁ;u/)

\

Spoils conservation Topological
of stress tensor does NOT
(diffeomporphism contribute to
invariance affected stress tensor

in quantum theory)

5| / d*2/=gb Ry po 77 | = 4 / diz\/—gCH 5g,, = —A / d*z\/=gC,, 5g"

Cotton tensor

1

o =4l (£ ) (7)),

Vo = O0pb = by, Vor = V76 = by

Traceless 9uv cH =0 Jackiw, Pi (2003)



Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

1

pwr L w - CHV 2 LV
R 2 g R C 71ma,ttel
4 )
CHv  — 1 % Raﬁfyé E
S U , afys
- 8 /

Ve = O0,b 1 Q

) Y Diffeomoprphism
{ Tmatter,,u C'u : L # O invariance breaking by

gravitational anomalies




Torsion & Mixed Anomalies

Geometries with Torsion: metric and spin-connection independent,

Torsion 2-form ¢ — d e + w0 /\eb

b
metric Gur = ez Tlab €,

spin connection wab,u — Wabp + Ka,b,u

Torsion
Torsion-free Contorsion
spin connection

Kabe = % (Tcab — Tape — Tbcd)

Christoffel symbol has antisymmetric component

L 710,



antisymmetric compot

L 710,




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

Fermions: Sw9_1/d4\/_—gsﬂw,,,,#75¢:_1/5A 75

+ standard Dirac terms without torsion

S="T
d
Sd — %eadeTabC Tabc % HCCLb — Ecabd a b
conserved
Bianchi identity d*S = 0 torsion  charge
Q=[S

classical

Postulate conservation ot quantum level by adding counterterms

Implement d*S=0 via 5(d*S) cownstraint
> lagrange multiplier in Path integral > b-field



Torsion & Fermions - QED WITH TORSION AS A STUDY CASE
Duncan, Kaloper, Olive (1992) ]

St(?)]fs[i)on = —/d4$\/—7giFM,/F’LW—|—S¢
$,= 5 [(#v*3,0~ (F,8)y0 )V -2 d*x

— = A
_@“=D — 1eA DM:aﬂ_l_Zh/ 7’7b]wab,u 1

H u

3 _ 3
Sy 3 —Z/d‘l\/i—gSuz,b'y“'yszb = — /S/\*J5

4
+ standard Dirac terms without torsion

S=*T T=(1/3DT,,.e“Ne” Ae Sa = 376" gLabe



STRESS TENSOR

T“’f. =F, ,F— %ngApF“’,
b= = (YW@t — (Dl )y + 1S bmy 0.
3
S _ _ -1 A
T = > (5,5, — 38,.5,5%)
Torsion is NON-PROPAGATING FIELD IN QED - Classical Eqs of motion

=4S ) ds=0 Q=]

classical conserved
““torsion “ charge

Postulate conservation ot quantum level by adding counterterms



lm’otemev\!: ad*s =(0 via (5( d *S) cownstraint

>  la aMge. mulkiplier i Path integral
> pseu scatar b(x§- field

/DSDbexp /—s/\*'s——s/\*J5 (23 )I/de*s]

multiplier field ®(z) = (3/x%)Y/2b(z).

Mp

_ (3x2/8)-1/2 — P
fo = (367/8) N



lm’otemev\!: ad*s =(0 via 5( d *S) cownstraint

ange mulkiplier i Path integral
> pseugoscatar b(x§- field

/DSDbexp /—S/\*S——S/\*JS*S]

Dbexp | —1 db A db+—db/\ *J° +—J AJ
/ p / fo 2f7 ]

< multiplier field ®(z) = (3/6%)Y2b(z). >
Mp
V3

fo = (3x%/8)71/% =




lm’otemev\!: ad*s =(0 via (5( d *S) cownstraint

>  la aMge. mulkiplier i Path integral
> pseu scatar b(x)- field

/DSDbexp /—s/\*'s——s/\*J5 (zi )1/2bd*S]

:/Dbexp[—z’/§db/\ dbEJ /\J]

partial integrate



lm’oteme.v\!: ad*s =(0 via (5( d *S) cownstraint

>  la aMge. mulkiplier i Path integral
> pseu scatar b(x)- field

/DSDbexp /—S/\*S——S/\*J5 (%)I/de*s]

:/Dbexp —z/§db/\ db @ ﬁJ /\J].

partial integrate

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

e ~ 1

5p _
VuJob = ——SFME,, — T
= G(A,w).

vVpo D
RMYPOR oo




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

1 1 1
Db ex [—z’/—db/\*db——bG A w +—J5/\J5] |
51 e uv o 1 uvpo 1
Vil gm2l Fw = 1aa T Ruvpo

G(A,w) .



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

. 1 . 1 5 5
/Db exp [—z/§db/\ db 2_beJ AJ ] |

Equivalent to: b - dynamical

(massless axion-like) field bRR _ bFﬁ’

with
anomalous CP-Violating a2 av—1/2 _ Mp
fo = (36%/8) = —
interactions Q ’ V3w
Jon — e’ Qv 1 LV po T
Vi gm2l Fw ~ 1oaa T Ruvpo

G(A,w) .



A won-trivial example of Torsion: Skring Theories
with Antisymmelric Tensor Backgrounds

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

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)




A won-trivial example of Torsion: Skring Theories
with Antisymmelric 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



A won-trivial example of Torsion: Skring Theories
with Antisymmelric Tensor Backgrounds

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

raviton)
spin 1 antisymmetric rank 2 te@

KALB-RAMOND FIELD 5, = — B, ,

Effective field theories (low energy scale E << M) = gauge” invariant

BMV — B/W + 5’['u(9($),/]

Depend only on field strength : HMVP — 8[M B,/p]

ottt uvp

Bianchi identity : {8[ H | = 0 —-dxH = O}




ROLE OF H-FIELD AS TORSION

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1 1
(4) 4. /—(_—- p__ pvp
om0 /da” 9(2 3R = Huy H )
= /d4x\/ 2R )
K2=81T G 2/{

R(F) rﬁp — rﬁp + ﬁ Hll;lp # Fpu
generalised
curvature Contorsion



ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
= iﬁ“b 8“[)'
1 1 R
(4) 4 (- = v

som P /d v g(ngR GHWPHM p)

PART 1
= [ d*zv/—g(=—=R )

K2=8m G / <2K2

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

—3 \/5801) = \/—g GMVPUHMVP (Kalb-Ramond (KR) axion)




Fermions and (generic) Torsion
Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

£ = V=3 (i$7°Datp — m )

[ Ay ,yc _ nab ,yc 4+ nbc,ya . nac,yb . iedabc,yd,ylﬁ}
D, = (60 — —wbcaabc) : Gravitational covariant derivative
4 including spin connection
a b
g,UJ/ — elu 7/]Cl,b 61/ ab

A A :
Whea = €bA (Baec + I‘we;{eﬁ,{) .

If torsion then IF,, # I, A
antisymmetric part is the

contorsion tensor, contributes




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

Sy = 5 / d*z\/—g (L V' Duth — (Dptb)y" ¢ )

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

— 1 Waby = Waby + Kab
Da _ aa o _wbcaa_bc M H H

1 contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)



FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE
Il.‘ 4 _ - ‘
— Py H _ o,
S¢ ) 9 / d €T qg (d}’y DH 1/) Y w)

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

—_ 7 Wabu = Wab
bc aop aop
Da — aa 4&)@
contorsion

_ i [.a b 1
o =3 [’7 » ) ] K. pe = 5 (Tcab — Lape — Tbca)

n* ¢+ 0% —n* " — i ey




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

Sy = %/d‘lx\/—g (d_w“ﬁud) — 7“@[;)

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

—_ 1 Wabu = Wab
_ b abp abpu
Da — aa — ZWB
contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)
" Non-trivial contributions to B F '
d __ _abed A A o _u — —

\_ J




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

fl'

S0 =5 [ dov=a (P D - (D))

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

Sw = /d4CCBa @’ya’yg)w' wabu — Wabp + I(ab,u

contorsion
A !
Bd EadeHb Kabc — 5 (Tcab — Tabc — Tbca)

Non-trivial contributions to B¥ F Hca,b

B® = 3bcdg, | (an(’} . eﬁ)

\_ J

— K —
ry,, =T,,+ |




FERMIONS COUPLE TO H -TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE
So =5 [ dov=a (P D — (D))

TORSIONFUL CONNECTION

Sy D / d*xB, Yy 2P

Bt~ el w— | =3V2050 = /=g €pvpo HP

b(x) = KR (gravitational) axion ]

Non-trivial contributions to B¥ )

d ___ _abed A oy | _ K _
B® = e"*epx (Dae; ea) TW, = T, + v,
\_ J




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE
5 o o
_ 4 . L 7
So =7 / d*z\/—g (z/ry Dt — (D) w)

TORSIONFUL CONNECTION —>  AXION-LIKE CP-VIOLATING INTERACTION

Sy 3 / d*Bo Yy 7 e | [ dtev=50u0 (572" )

* Universal (gravitational) Coup[ling

Bd -~ EadeHbca » —3 \/iﬁob — \/jgfuyng‘uup

b(x) = KR (gravitational) axion ]

Non-trivial contributions to B¥ )

d ___ _abed A s BT _ K _
BY = e"“epa (Dae; ea) TV, = T, + I,
\_ y




NEM + Sarkar
de Cesare
Bossingham

Antoniadis, Bachas,
Ellis, Nanopoulos

In string-theory (inspired) Cosmologies with such KR-b axions
there are solutions with

[ b(t) = constant xt, t=FLRW cosmic time }

= Spontaneously Broken Lorentz (& CPT) Symmetry (SBL)

- massless KR axion = Goldstone Boson of SBL



When db/dt = constant - Torsion is constant

Covariant Torsion tensor

=A A —2® 17N — TA A
Fuyzfﬂy—l-e HWZFW—I-TW

Tijk ~ €ijk b Constant

Sy /d4$Ba EV&V%# [constant B b}




When db/dt = constant - Torsion is constant

Covariant Torsion tensor

=A A —2® 17N _ TA A
=0, +e 2 Hy, =T%,+T",

Tz’jk ~ €ijk b Constant

Sy /d4$Ba ¢7a75¢' [constant B b}

L=3%iyvay—yMy. M=m+b,y " Q
LV & CPTV

Standard Model Extension type with CPT and Lorentz Violating background b?=B? \

Kostelecky et al.



NEM + Sarkar
de Cesare
Bossingham

Antoniadis, Bachas,
Ellis, Nanopoulos

In string-theory (inspired) Cosmologies with such KR-b axions
there are solutions with

[ b(t) = constant xt, t=FLRW cosmic time }

- Spontaneously Broken Lorentz (& nCPT) Symmetry (SBL)

- massless KR axion = Goldstone Boson of SBL

Gravitational Anomalies-induced condensates Basilakos, NEM, Sola
due to primordial gravitational waves lead to (2019)

such Backgrounds for the b —field 2



Effective Actions & Anomaly Cancellation — Addition of Counterterms

Green, Schwarz ]

|

String Anomaly Cancellation requires modification in definition of H,, ,

I
H,p = O By, m— V) g (931, - ng)
)
Qar, :w‘ﬁ:AdwCa+§w“cchdAwda, Qzy =AANdA +AANAANA,
Modified Bianchi Constraint J_L
al
€ abe V H = ED) g(RuvpoR VP _ Fy F“v) =./—8¥Y%(w,A)

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



11, 5(5“"”" HVPG(:E);# —G(w, A ) = exp /d41\/_g \/_ ('H,,pa(r) G(w, A))}

— exp [ i / d'z/=g (B“b(a:) —= G MY + b‘( ﬁ) G(w,A))]

z = / DH Db exp(—H A +H + cb(dH — G) + ...) Effective action
after H-torsion (exact)

path-integration

4 o )
Sy = /d4$‘/__g[_2ﬁ2 2K 96:» ( oo B F""FW)_*_”']

KR-axion anomalous
CP-Violating interaction

o /




Inclusion of Fermions

s = [ d'av=g[ - 5

\ JH = ;Y ’)’S'fo‘j Axial Current

\/5 o
96 /3%

3 It
+ SFree / d'z/—g ]-",, \[5 a,,b) R

b

Ruyps R — F\ F™) + ... |.
( )

/d4l‘ —q 5J‘r’“+...]+

V\IG.
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



The Model

=/d4z¢_— _—R+ 6b8‘b+‘/§a:/b(z) (R,,,,,,,,E'W—F,,,,ﬁ"")+

2K2 96 kv3

Free 3 5u E — 5 75u
d*z\/—g .7:,, 50,,b) JH — 16 d'z/—g ;T + .| +

JoH = 'll—JJ’Y" ’)’5'.[’3' All fermion species



Part Ill
Gravntatlonal Anomahes
SLSI & mduced Inflatlon




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

2 «

eff _ 4 T I Qv po
Sg! /da:[ 2n2R+ 6b6b+\/396n R 4

2 o
4 _ Iz = K
/da:[ 2m2R+ L 9,60 — o Oub(@) K+




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

Gravitational
Chern-Simons (gCS)

1 Rmer o ]

Seff=/d4a:\/_[—2—R+ 6b6“b+\/

2 o
3 96k

1 2 o
—/d T/ g[ 2“%22R+2(9,,b(9b \/;96196 b(z) KF +. ]

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

aCS = \/; o [ d' \/_ (b(a:) Ruvpo R*P7Y 4 :b(2) Ry po R*P° )

quantum ordered




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

Gravitational
Chern-Simons (gCS)

1 Gwor ]

st = [y - e+ hapons |2

2 o
3 96k

1 2 o
_ N 1 by )
= /d LY g[ 2&2R+26"ba b \/;9656 b(z) CH +. ]

2 o _
+\/; 96 K / d*zv/=g (b(z) Ryuppo B*"*7)
Condensate < ...> of gosm:lofgilcfkll-
Gravitational Anomalies onstant-like
e \/;gem / a'z (=g ((b(@) Ruvpo B )b :b(2) Rps B )
quantum ordered




Equations of Motion

I

Axion b(x)-Field o, [\/—_g(aal_) . \/g o0 ,Ca)] —0

Metric tensor (Einstein eqs)

(" )

R Lgwp 30‘12"“ = K2 T} + A g

2

\. S

A= +\F b(2) Ry P
3 96k (6(@) Buppo B ) : : : :
Diffeo-invariance breaking

20, v 2 v
nTb+gC8_\/;12C“ —I—raT" = Tb+gcsﬂ 0




Equations of Motion

I

Axion b(x)-Field o, [\/—_g(ﬁal_) . \/g oo ,Ca)] —0

If anomaly condensate = constant b
(LV solution)

Metric tensor (Einstein eqs)

(" )

R Lgwp 26”12“ = K2 T} + A g

2

\. .

A= ﬂf Y (2) Ry B9
3 06 k ( ( ) Hppo =& > . . . .
Diffeo-invariance breaking

2&' v 2 v
K Tb-{—gCS_\/; 9 C“ + K T“ = Tb+gcs,# 0




Because:
Effective action contains CP violating axion-like coupling

1 V2o ~ ~
eff _ 4 . L ‘ Wwpo T Nz
s /dn/_[ —R+ 5 0ub b+ S b(@) (R B Fu F*) +




V=9 KH(w);,
Effective action contains CP violating axion-like coupllng

\/— 2a R;w po

ngf:/d‘ln/_[——lﬂzdbdﬂb o b(x) ( Rywpo — EAF*)

0 during
inflation



Effective action contains CP violating axion-like coupling IC“(@)

2 .,I
geff — /d‘ln/_[ ~53R+3 0 bO"b + \g(_}:\/lg(x) (R“,,,,a RHwee \{W

Average 0 during
@2 = dt* — a*(t) [(1 — hy(t,z)) da;Q\ over inflationary inflation
space time in the
+ (14 hy(t.2z))dy* | | presence of b(x)-b(1)
) primordial :
+ 2hy (t, ) dz dy + d:/| Gravitational waves g:\ee);z:(ij:bieasr:(m,
d’k H?
(Ruvps RAVPO) = x2 / 5k 9+0(0?)
2 3 K = ]\4_1
60 =/375Hb<1 P = Mpr
3 b= db/dt
H = const.

(inflation) a(t) ~ e''t



Effective action contains CP violating axion-like coupling

ou (V=9 K" (w))

/

20 ~
S%ff = /d‘l’r\/ [— — R —I— d bo*b + \g(_;:\/lé)(r) (pra RFPT — F, F’“’) +
Average 0 during
@2 = dt* — a*(t) [(1 — hy(t,z)) d;rQ\ over inflationary inflation
space time in the
+ (14 hy(t.2z))dy* | | presence of b(x)-b(1)
) primordial :
+ 2hy(t,z) dz dy + d= | Gravitational waves gLee);z:(iigbieai:(ln,
d’k H?
0 _ ,uvpo 4 3
2 (VK°0) = (Ruvpo R ;8/ >k 0+0(0%)
Homogeneity
& Isotropy 2 k3 —1
k=M
O = 12Hb <1 v = M
3 b= db/dt
H = const.
(inflation) a(t) ~ e''t



Solutions (backgrounds) to the Eqs of Motion

2 o
39k

%o [\/——g(aaz‘;— i 96 K

Grav. Anomaly Equation ‘

%O

#0)| =0 = b=

d 16 d’k H?
F(VTEW) = Ruvpo B = 20 [ 555 Sk 0+0(07)

k
\/712HbO< ICO ‘

) = H2 1(0) exp[ 3Ht(l—0.73 « 10~ (Mim)z(MLmy)]

7 Mpy\ 1/2
~ 15 0 Spontaneous Q
M, ( H ) » K™ = const. LV solution

—4 to ensure constant anomaly
Planck Data H/Mp1 < 10 » u /M, = O(10)

time evolution of Anomaly
M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

9a[\/__3(aal—)—‘ = Xa(f))]=0 = [E= 2o Jifowconstant}

396k 3 9%k

J 16 Bk H?
9 (VK W) = (Ruvpo RP%) = i / 55k e+0(0?)

k
\/712HbO< ICO ‘

) = H2 1(0) exp[ 3Ht(l—0.73 « 10~ (%)2(%)4)]

Iz Mpy\1/2
~ 15 0 Spontaneous Q
M, ( H ) » [IC = const. LV solution }

—4 to ensure constant anomaly
Planck Data H/Mp1 < 10 - u /M, = O(10)

time evolution of Anomaly
M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

_ 2 - 2 o
It [\/—g(c? b—. 3 9 Jif (1‘))] =0 = [b— 3 06 K constant}

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

-2
_ 1 | 1 1 10—2
€= 3wy ¢~ 2w b~ 10

I Planck Data
@ en_d of .
Lr::atlonary b~2eMpH~0.14Mp H

H = H;,q ~ const.

Shapiro-Sola

Running-vacuum : L HoN\2 U
type contribution of GA p?th ~ 3M§] [333 x 1073 ( n ) n (f)}
t i Mp 3M

o energy density s




Solutions (backgrounds) to the Eqs of Motion

396k 3 9%k

Undiluted KR axion background jton ¢
at the end of Inflatlon

Planck Data

8a[\/—_g(8“l3— 2 Jf/a(l‘))]=0 = [E= 2@ J{Owconstant}

Using slow-rol

€

@ en_d of .
Lr::atlonary b~2eMpH~0.14Mp H
H — Hlnﬂ ~ COHSt. A
Shapiro-Sola

Running-vacuum : L HoN\2 U
type contribution of GA P(pH ~ 3M§] [333 x 107 (]\/}n ) n (QD)}

to energy density




Solutions (backgrounds) to the Eqs of Motion

. 2 o - 2 o
J— a —_ —_ w & — e —_ ON
o [\/ g(a b 3961([ (t))] 0 = [b 3961(‘%/ constant}

Using slow-roll assumption for both fields, b and the inflaton ¢
=2

1 | =2 | | 10—2
€ = 2 ([—]Mp])2 P~ ~ 2 (H]le])2 b ~ 10

I Planck Data
@ en_d of .
Lr::atlonary b~2eMpH~0.14Mp H

B N Can be generated
H = Hinﬂ ~ const. by gravitnl. anomaly

Shapiro-Sola condensates ~ H*

Running-vacuum : L HoN\2 U
type contribution of GA P(pH ~ 3M§] [333 x 1072 ( m ) n (f)}
t i Mp 3M

o energy density s




Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

- . ~ 1 12k __ 17 H\2 ,:2
afBvyo ~ .1z 4
b(R™ Rapys) = 8\/; 12 Hﬂ(Mpl) b

Cotton tensor properties

d
po 00 00 .
cH, dtc +4HC™ ~

00| —



Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

Cotton tensor properties

o _ 4 00 0 _ 1+ 085 N 1\/2&’& 1, H\2 42
= qC HAHCT = —gb(B7 Rapys) = —g\/3 75 HwQ(MPl) b
Recall ) p

5 ~~S
C. = - v R R 55
g 3
- Y,

Ve = O0,b



Gravitational Anomaly Condensates - Dynamical Inflation ]

Cotton tensor properties

Basilakos, NEM, Sola ]
- c ~ 1 /2d kK 1 H\2 ,:2
0 _ MNooo 00 afvyé ~ __.]Z 4
C#;ﬂ_kJF‘IHC ~ —g b{R™ Ragys) = _8\/; 12 Hyr?(Mpl) b
0

Approx. constant ﬁ b~ V2eEMp H

2a Kk 1
T 4 174
€= 6\@1927&“ H

00| =




Gravitational Anomaly Condensates - Dynamical Inflation ]

Cotton tensor properties

Basilakos, NEM, Sola ]
- c ~ 1 /2d kK 1 H\2 ,:2
0 _ MNooo 00 afvyé ~ __.]Z 4
C#;#_;}g\JF‘IHC ~ —g b{R™ Ragys) = _8\/; 12 Hﬂ(Mpl) b
0

Approx. constant ﬁ b~ V2eEMp H

2ad Kk 1
00 4 774
C _—e\/;192 5 M H® <0

(cf. Gauss-Bonnet-dilaton
coupling case )

00| =




Gravitational Anomaly Condensates - Dynamical Inflation ’

Basilakos, NEM, Sola ]

Cotton tensor properties

1 - 1 2a'k 1/ H\2 ,=2
p0 00 00 . — afvyo ~ .1z 4
© ;ﬂ_z\HHC —g P BT Ragns) = 8\/; 12 H7r2(Mp1) b

0 .
Approx. constant ﬁ b~\2eMpH

~ 2 o'k
JL W les =\ 3 ¢ TR T
00 5 (B \* 4
S_ 4 3?6 ~_9.932 x 10 e(M)H -,
8 MP112
=1 ()

S o _yasae 2 g2 @



Equations of Motion

Metric tensor (Einstein eqs)

[ )

R“”—lg"”R— g,al; =K T“V+Ag’“’

2

\_ )
2 o —~
— “ UV po
/\ +\/; 96& (b(:l?) R##poR >

2ad K S y

¢

d b CS b 1 CS [b 2 CS]
— A — NO ~S g
t(p + p? )—I—3H((1—I—w}p —|—3p9 )_ = | p = 3p

Wp =

Tb+gC8 —




Equations of Motion

Metric tensor (Einstein eqs)

[ )

R Lgw R 3"1; = KT+ A g™

2

\_ Y
2 o —~
— “ UV po
/\ +\/; 96}@ (b(x) R##poR >

2ad K S y

¢

d b CS b 4 CS (b 2 CS]
—_— A —_— NO ~
t(p -I—pg )+3H((1—I—w}p -I—3pg )_ = ‘p A 3pg

Wp =

Tb+gC8 —

pECS ~ —1.484.€ M2, H?

p’ =~ 0.9895 ¢ M2, H?




Role of Anomaly Condensate

Positive

A= (b(z) Ry, R*P7) ~5.86 x 10" e N HY > (0 Cosmological

HEpe Constant-like
Positive total energy density since A-term dominates

H 2
Protal = Pb + pacs + pa = 3M, [— 1.7 x 10—3( ) + (1.17 _ 1.37) x 107 (i)‘i] >0

Mg Mp:
Basilakos,NEM, RVM-like terms
Sola .... drive inflation
contain scalar d.o.f.
Prot = pos = ¢2/2+V (¢) (;.52 B 2 i vacuumon
Ptot = Py = ¢°/2 —V (9) T g2

3H?2 H 3H? a dH? H} 2+ cosh’(x¢)
V= (HW) TR (1+6H2 da) O = o ot ()

__H 11 12 102 ‘ _1 1 e Ll 1 32~10—2
“=—m - smmme? =Y ‘ Q(H.}WPI)2¢ 2 (H Mp)? |



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

Recall:

s = [ dtav=g[ -

96h
4 GFree 4 / d"r\/_ f,, \[ ) b) - / diz

JPH = ' ')’S'lf»‘j Axial Current

(\/—zc“(w))

/

KR-axuon anomalous
CP-Violating interaction




Cancellation of Gravitational Anomalies in Radiation Era

by:

Chiral Fermionic Matter generation @ end of Inflation

(\/—zc”(w)

Recall: /
1 1,
2K2 2 H

ff 4 — o
g = /d""" 9[ 961'\
4 SFree 4 / d"r\/_ ]-'u \[ ) b) - / &'z

JH = ;v 4°1;  Axial Current

2

v, = _prvp
8%2/ MY 19272

R*VPOR 1vpo = G(A, 0)

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

KR-axuon anomalous
CP-Violating interaction




Cancellation of Gravitational Anomalies in Radiation Era

by:

Chiral Fermionic Matter generation @ end of Inflation

Recall:

7= feurl-

/ <m«~>)

96h

+ SFree / d"r\/_ ]-',, \[ ) b) - / diz

JPH = ' ')’5'?4'»‘,' Axial Current

2
VM= FMVE, —

877.'2/

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

1

19272

JAN

v

KR-axuon anomalous
CP-Violating interaction

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




Cancellation of Gravitational Anomalies in Radiation Era
by:
Chiral Fermionic Matter generation @ end of Inflation

Recall: / O (\/—_g K (w))
1 1, V2a

seff — /d4x\/—_g[— ——b(x) (R,,mﬁ"”ﬂ” )+]

3 3K
g:fgc /d4I\/ f# \/;(%b) JQ/CI‘QIE\/Q J3J5ﬂ+ ] T ana

JH = ;4% 4%, Axial Current Partial Integrate

2

VM= FMVE, —
8%2/ 19272

R*VPOR 1vpo = G(A, 0)

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



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

/d“x\/—[—im dub b+ Kk b(x \F x“—\/gﬁf‘)h

JH = Y Vi yH }’Sl//j, Chiral current, including RHN

(Mixed) Anomaly equation

o2
1
VM = SV,
872 / o 192n2

R*VPOR,vpo = G(A, 0)

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



Cancellation of Gravitational Anomalies in Radiation Era

by:
Chiral Fermionic Matter generation @ end of Inflation

| 2 3
4 u u Su
/dx\/ [——R+ dubd" b+ Kk b(x \/;96%/ —\/7 §J )]4—

JH = Y Vi yH }’Sl//j._ Chiral current, including RHN

[V (V357 - V3] =V 5 5 (B Ve Bt G2 V76 )

chiral U(1) Gluon QCD




Cancellation of Gravitational Anomalies in Radiation Era

by:
Chiral Fermionic Matter generation @ end of Inflation

| 2 3
4 u u Su
/dx\/ [——R+ dubd" b+ Kk b(x \/;96%/ —\/7 §J )]4—

JH = Y Vi yH }’Sl//j._ Chiral current, including RHN

[V (35 - V3w =a 5 (Bt var P+ g2 v )




Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

/ar“x\/—[—LRJr dub b+ Kk b(x \F %“—@JS”)M

JH = Y Vi yH }’Sl//j._ Chiral current, including RHN

[V (557 -\ aw)] =Va 5 (Bt var P+ g2 v )

Eqs of Motion for b-field >  dj ( v —8 8“b(x)) — “chiral U(1) anomalies”.
and/or QCD type




Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

/d“x\/—[—im dub b+ Kk b(x \F x“—\/gﬁf‘)h

JH = Y Vi yH }’Sl//j, Chiral current, including RHN

2
\/7 oM \/7 — “chiral U(1) anomalies”
3 96 Possibly also QCD type
Egs of Motion for b-field > dj ( V—8 Q“b(x)) = “chiral U(1) anomalies”.
Scale factor a(t) ~ T and/or QCD type
b=b(t),
const.

IO




Cancellation of Gravitational Anomalies in Radiation Era
by:
Chiral Fermionic Matter generation @ end of Inflation

/d4x\/—[—LR+ dubd*b+x b(x \F %“—\/2]5“)]4—

JH = Y Vi yH }’Sl//j._ Chiral current, including RHN

2
\/7 oM \/7 — “chiral U(1) anomalies” |
3 96 Possibly also QCD type
Eqs of Motion for b-field > dj ( V=g 8“b(x)) — “chiral U(1) anomalies”
Scale factor a(t) ~ T Possibly also QCD

b o< T° + subleading (~ T?) chiral U(1) anomaly terms
and/or QCD type




Cancellation of Gravitational Anomalies in Radiation Era
by:
Chiral Fermionic Matter generation @ end of Inflation

| 2 3
4 _ u n__ = pPu
/dx\/—[ R+ aba b+ K b(x \E%x \/;J )]+

JH = Y Vi yH }’Sl//j._ Chiral current, including RHN

2
\/7 oM \/7 — “chiral U(1) anomalies”
3 96 Possibly also QCD type
Eqs of Motion for b-field > dj ( V=g 8“b(x)) — “chiral U(1) anomalies”
Scale factor a(t) ~ T Possibly also QCD

ho T3+ subleading (~ T?) chiral U(1) anomaly terms

Viewed as sufficiently slow moving to induce Leptogenesis  Bossingham, NEM,
Sarkar (2018)
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Gravitational Anomalies
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Lorentz- & CPT-Violating
- Leptogenesis




CPT VIOLATING LRPTOGENESIS

& GRAVITATIONAL ANOVMALIES
IN THE EARLY UNIVERSE

S Basilakos, NEM, J Sola (2019) ’

Microscopic Mechanism For LV & CPTV H-Torsion Background

/ Inflationary (de Sitter) Phase Radiation Era \

Undiluted Cance!lation of GA
constant (consitency of QFT)
Primordial

H-torsion ( ]
Gravitational :> :> background :> Leptogenesis

Waves + chiral matter . - (decays of RHN)
generation 0 X

@ inflation exit  (slowly
) NEM, Sarkar

Gravitational varying Bossnigham
anomaly (GA)




NEM, Sarkar,
+ de Cesare, Bossingham

Early Universe M — _ 7 _
T>> TEW L =1iN a.'\' — ?(A’cf\' + N A‘C) — N B’}“S."\' —YiLidN + h.c.

Heavy RHN interact with axial constant background

with only temporal component B, # 0



Early Universe
T>>Tgy

NEM, Sarkar,
+ de Cesare, Bossingham

L =iN@N — g(\_\ +NN°) YiLidN + h.c.

Heavy RHN interact with axiél constant background

with only temporal component B, # 0

Lorentz &
CPT Violationv

o




NEM, Sarkar,
+ de Cesare, Bossingham

Early Universe
T>>Tgy

M

£ =iNgN — —(N°N + NN°) YiLxdN + h.c.

Heavy RHN interact with axiél constant background

with only temporal component B, # 0

STANDARD MODEL Lorentz &
EXTENSION EFT i CPT Violation

Kostelecky, Bluhm, Colladay, 4
Lehnert, Potting, Russell et al. "‘

f Spontaneous Violation of Lorentz Symmetry

(LV coefficients are v.e.v. of tensor-valued field quantities )
B, = constant is H-torsion background in our model



. . 4 de Cesare, NEM, Sarkar
CPT Violation ¢ Eur.Phys.J. C75, 514 (2015)

Early Universe

T>> Ty
Heavy RHN interact with axial constant background
with only temporal component B, # 0
Produce Lepton asymmetry el
Lepton number & CP Violations N e

@ tree-level due to
Lorentz/CPTV Background

N —=1T¢ N —=17¢ 1
/F _E:IYICI2 M2 Q + By r _Z:|Yk|2 m? Q — By cPva
‘Tl oa-B 7 T L aQ+B
B,# 0

Q= /B3 + M2

o /




— NN — 5 (NN "NN) VBN ~ ViLidD) + he.

) Constant B, Background
Early Universe  CPT Violation| @
T > 105 GeV Re 'J

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

Ny — ¢/, @

Contrast with one-loop
conventional
CPV Leptogenesis
(in absence of H-torsion)

Produce Lepton asymmetry

Fukugita, Yanagida,



L —iNgN — ?’”(f\—\ + NN) — NBy°N — YiLiéN + hec.

Early Universe
T>10° GeV

CPT Violating Leptogenesis

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

NI — 567 ¢z




L = 'z'.-'\_"af\r — ?m(.'T.N +W.' rc) — ]\_'YB’}"S.N — YkaQB.N + h.c.

Early Universe CPT Violation ‘.‘ 1 One generation of

T>10° GeV « massive neutrinos N
suffices for generating
Lepton number & CP Violations @ tree-level CPTV Leptogenesis;

due to Lorentz/CPTV Background



L = 'z'."\_"a.'\r —@ﬁff\r + W.Nc) — f\_"B'}"S.N — kakq?b]\" + h.c.

Early Universe

CPT Violation| @ _7 0ne generation of

T>10° GeV " Q@  nassive neutrinos N
suffices for generating
Lepton number & CP Violations @ tree-level CPTV Leptogenesis;

due to Lorentz/CPTV Background

NI — 557 ¢z

mass m free
to be fixed A



= NN — —(N°N + NN°) - , —YiTxdN + h.c.

i Constant B°# 0
Early Universe  CPT V|o|at|0n &
T 2105 Gy ‘ background

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

Ny — ¢/, @

Produce Lepton asymmetry



= iNGN — — (NN + NN°) -

NB~°N —YiLidN + h.c.

Early Universe  CPT V|o|at|0n 4

T >10° GeV

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

NI — 567 ¢z

.A_L.NIO_

.,

Produce Lepton asymmetry

Constant B°# 0
background

: =Solving system
of Boltzmann eqs



Decoupling Temperature T : decay process out of equilibrium
@ which Lepton asymmetry is evaluated

[~H=1,66 ‘-Nl/Q,nP assume standard

cosmology

Y| [mp(Q?%+ Bg) for one generation

Tp >~6.2. 10_2‘)\[1/4 S of RH heavy neutrino

Q= \/BQ-I—m,\r .

Estimate: Total Lepton number asymmetry

(N Ny ¢O) _ (N Ny ¢0)

via solving the appropriate system of Boltzmann equations:




CPTV Thermal | L =iN@N — ?m(ﬁ]\r -f-WN") — NB~°N

—YiLidN + h.c.

Early Universe  CPT V|o|at|0n &

T> 105 GeV '
Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background A_L ~ 10_
— - n,
N I — ¢ 4 ) ¢ 4
Produce Lepton asymmetry
ALTOT gN Bo Bo

~ ~ (0.007 —
s Te(2m)3/2 my my

Constant B%# 0

background

Bo

m

~ 10°®




CPTV Thermal | L =iN@N — ﬁ(ﬁj\r +WN°)
2

—~ NB~+°N —Y;LidN + h.c.

Early Universe  CPT Violation @

Constant B%# 0

T > 10° GeV ' background
Lept ber & CP Violations @ tree-level

dué to LorentzICPTV Background AL 1o Bo s

_ _ . m

NI — ¢£7 ¢£
Produce Lepton asymmetry Yk ~ 10—5
ALTOT ov __ Bo _ o o0n Bo m > 100TeV —
s  Te(2m)3/2my my
B ~ 1MeV

Tp ~m ~ 100 TeV



CPTV Thermal | ; _ ;xyn — (NN + NN°)
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— NB~°N —
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Early Universe  CPT V|o|at|on &

Constant B%# 0

T > 105 GeV ‘ background
Lepton number & CP Violations @ tree-level

due to Lorentz/CPTV Background A_L ~ 10_ _0 ~ 10_8

_ _ . m

NI — ¢ 4 ) ¢ 4
Produce Lepton asymmetry Yk ~ 10—5
AL™T  gx  Bo _ o0 Bo > 100TeV —
s  Te(2m)3/2my my 0
B” ~ 1MeV

Tp ~m ~ 100 TeV




CPTV Thermal | ; _ 4N — ?m(‘,vj\r + NN°) = NB+*N — YiTxdN + hec.

: Constant B°# 0
Early Universe  CPT Vjolation[
T > 105 GeV ‘ background
Lept ber & CP Violati tree-level
due o Lorentz/CPTV Background - AL 10 Bo _, o-8
_ _ ., m
N[ — ¢€, ¢£
Produce Lepton asymmetry Yk ~ 10—5
AL™T  gx  Bo _ o0 Bo > 100TeV —
s  Te(2m)3/2my my 0
BY ~ 1MeV
I'p ~m ~ 100 TeV

¥ B° ~ T3 during Leptogenesis era Sarkar
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+NN°) - NBy°N —
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Early Universe  CPT V|o|at|on &

T >10° GeV

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

NI — 567 ¢Z

Produce Lepton asymmetry

?

Constant B%# 0

‘ background
AL 1010 — ~10®
., m
Yy, ~107°

m > 100TeV —

BY ~ 1MeV

Tp ~m ~ 100 TeV




L= iNJN — ?m(WN + NN¢) = NBA°N — YiLxdN + hec.

Early Universe

CPT Violation

Constant B%# 0

-

background
T > 105 GeV < ?
Lepton number & CP Violations @ tree-level B
due to Lorentz/CPTV Background AL —10 0 -8
— ~ 10 — ~ 10
— — ., m
NI — ¢ 4 9 ¢ 4

Produce Lepton asymmetry

Equilibrated electroweak
B+L violating sphaleron interactions

é Environmental
e®@ Conditions Dependent

Al

B-L conserved

Observed Baryon Asymmetry

In the Universe (BAU)

Fukugita, Yanagida,



L —iNgN — ?m(ATJ\" + NN) — NBy°N — YiLiéN + hec.

i . . i Constant B# 0
Early Unlverse CPT VIOIatlon ‘.‘ background
T > 105 GeV <
Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background A_L ~ 10_10 & ~ 10-8
_ _ n, ’ m
NI — ¢ € 9 ¢ z

Produce Lepton asymmetry Yk -~ 10—5

m > 100TeV —
BY ~ 1MeV

Observed Baryon Asymmetry TD ~m ~ 100 TeV
In the Universe (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

P Environmental
e®@ Conditions Dependent

B-L conserved

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



BO (string) model: cancellation of gravity anonaly
@ exit from inflation implies

B® ~ b~ 1/a3(t) ~ T°

i.e. scales @ leptogenesisera@ T =T,= 10° GeV,
from B%= const =1 MeV to :

By = ¢T3 Co =10—*2 meV—2

(i) or B° small today but non zero

Botoday = O(l()_’“) meV

e 2 eV
b, 10 3L GeV

Quite safe from stringent ‘ BY
, Experimental Bounds B

®



BO (string) model: cancellation of gravity anonaly

@ exit from inflation implies

B® ~ b~ 1/a3(t) ~ T?

i.e. scales @ leptogenesisera@ T =T,= 10° GeV,

from B°= const = 1 MeV to :

B() = Cp T3 Cp =10—%2 lll(_‘\""_‘2

(i) or B° small today but non zero

If chiral U(1)

anomalies present

BONT2

BO today — O ( 10 ‘“) meV

By

today

~ 2435 x 1073 eV

Quite safe from stringent | ‘BO‘ < 1072%eV

(&

. Experimental Bounds | B.=b: < 10731 QeV
T —— {ires - sl !




: Summary of Cosmological Evolution
Cosmic

Time Basilakos, NEM, Sola

Undiluted constant
KR axial backround

Primordial Gravitational B, = Mgll 55”0
Gravitational |:> anomaly (GA)

Inflationary (de Sitter) Phase

waves b~ \/2€Mp H ~ 0.14 Mp H
chiral matter
generation
Radiation Era @ inflation exit

By T3 wlation ofM
Leoptogenesis induced by

RHN (treilevel) d_ecays
N I — ¢ 4 ) ¢ 4

B-L conserving sphelaron processes > Baryongenesis
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KR axial backround

Primordial Gravitational B, = Mgll 56”0
Gravitational |::> anomaly (GA)

Inflationary (de Sitter) Phase

waves b~ \/2€Mp H ~ 0.14 Mp H
chiral matter
generation
Radiation Era @ inflation exit

By T3 wlation of%
Leoptogenesis induced by

RHN (treilevel) d_ecays
N I — ¢ 4 ) ¢ 4

B-L conserving sphelaron processes > Baryongenesis

Matter Era Possible potential generation for b — mixing with axion Dark matter




Matter Era and KR axion as source of Dark Matter ]

1 1 >
= 4 —q| — —— — — H
/d J:\/_g[ 5 R+ 5 9,b9"b \/;96,. 8,b(z) K ]

’ 12
Free 4 x 3 5 Ja 4 5 15
+SDirac+/d x\/—g?\/;apr“ ~ 6.2 /d T —gJ I + ..,

[\/—( __’J.,p__ %gl(;x:n)] \/3‘; (QEM \/_F’“’Fpu-l- \/_G' Ga#u)



Matter Era and KR axion as source of Dark Matter |

1 2
4 (L
/d x\/—[ zanJ’za bO*b — ‘/;96'\3 b(J:)IC]

+Shizz+ [ d'av=g€

[‘/_( "_"M K %916



Matter Era and KR axion as source of Dark Matter |

1 2 o
4,/—__ p
/d:z: [ 2"bzR-I-Qc’?bc?“b \/;QGKBb(I)K:]

+ iz + [ dzvg

[‘/_( ‘_’JS“ K %916

geff /d“.r\/_[ aborh— L \/ggm b(z) G° éW]

During QCD era




Matter Era and KR axion as source of Dark Matter ]

b(z) G, GV ’

1 o |3 a
Seff — /ddx\/_—g[§ Bub b — = \/;8

During QCD era

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

8 \I
[VQCD ~ AQCD(l — cos( ) } fo = f n [ ifpl 1\fp|

Agcp ~ 218 MeV




Matter Era and KR axion as source of Dark Matter ]

£ b(z) e, G ’

During QCD era

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

8 K \I
VQCD ~ AQCD(l — cos( ) fo = [ f ;fpl ﬂfp]

Aocp ~ 218 MeV

Our linear KR background in inflationary era requires

Mp; > M, > 1073 Mp,

I

3.9 x 10" GeV > f, 2 3.9 x 10" GeV,




Matter Era and KR axion as source of Dark Matter ]

£ b(z) e, G ’

During QCD era

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

8 K \I
VQCD ~ AQCD(l — cos( ) fo = [ f ;fpl ﬂfp]

Aocp ~ 218 MeV

Our linear KR background in inflationary era requires

. . -3 a.
10° GeV < f, < 10'2 GeV Mpy 2 M, 2, 1077 Mpy

A Phenomenol

penomenology 93,9 x 10" GeV 2 fi 2 3.9 x 10'2 GeV,




Matter Era and KR axion as source of Dark Matter ]

b(z) G, GV ’

1 o |3 of

During QCD era

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

b 8 U

Aqgcp ~ 218 MeV

Our linear KR background in inflationary era requires

Mpy 2 M, 2 1077 Mp

b-axion Mass
A? \/5 A 2 ‘/5 A 2 s Mpp\ 2
QCD QCD , QCD Pl
= =4/= Mpy =4/ = M.
7o 8( M, ) Pl 8( Mp.) (Ms) P




Matter Era and KR axion as source of Dark Matter ]

£ b(z) e, G ’

During QCD era

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

8 K \I
VQCD ~ AQCD(l — cos( ) fo = f [ ifpl 1\fp|

Agcp ~ 218 MeV

Our linear KR background in inflationary era requires

117 x 1072 eV >myp > 117 x 1071 eV Mpy 2 M, 2 1072 Mp
~J ~J A
<1\ b-axion Mass

Vv
92y, cD
mp = 4

i | <Moo 5 dacoytyy,  [3 (dacm)t My,

b=0




Matter Era and KR axion as source of Dark Matter ]

b(z) G, GV ’

1 o |3 a
Seff — /ar*:c,/—-g[§ Bub b — = \/;8

During QCD era

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

~ 5.7 (10=CV) 1076 eV

Compatible with
QCD-Axion
Phenomenology

3.9 x 10'® GeV > f, > 3.9 x 10'2 GeV

117 x 107° eV 2my > 117 x 10~ ov] Mp1 2 M. 2 107° Mp
<1\ J_L b-axion Mass

V

T Adcp \/§ Aqcp |2 3 (Aqcp\? [ Mp1\?
- = 2qcp _ /= Mp = /2 M
mp \l b2 o ] ( M, ) Pl 8 ( Mp) ) (ﬁfs) o

b=0
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: Summary of Cosmological Evolution
Cosmic

Time Basilakos, NEM, Sola

Undiluted constant
KR axial backround

Primordial Gravitational B, = Mgll 55“0
Gravitational |::> anomaly (GA)

Inflationary (de Sitter) Phase

Waves b~2eMp H ~0.14 Mp H
chiral matter
generation
Radiation Era @ inflation exit
By x T3 wlation ofM
Leoptogenesis induced by
RHN (tree-level) decays Consistent with current
1 Y bounds on LV & CPTV
Ny — ¢£’ ¢€ B,< 102 eV,
B-L conserving sphelaron processes > Baryongenesis f B. <1022 eV
Matter Era Possible potential generation for b — Aith axion Dark matter

: S H,~ 1042 GeV
] " b J Y 2 8,M H ~ 0- ~ -
Modern de-Sitter Era | GA resurfacing | % PIII0| =100 M= 1033 eV

v ¢ ~&=0(10"%) Phenomenology




V. CONCLUSIONS

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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early eras or LV early Universe Geometries (with k- ‘

is a possibility and may explain the observer ,In
the cosmos, consistently with current-¢ “

o .sion (SME)

-.~T and Lorentz
Jround geometries —

One framework for early universe

A string-inspired model of *’
Violation due to Kalb-*
Consistent phenr: o

GRAVITATI" y PRIMORDIAL GRAVITY WAVES
durin~ 0 -~-Ramon Axion Background @inflation exit
cruc. “

BARY\ .sH LEPTOGENESIS via Supermassive Right Handed
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Part IV
Matter-Antlmatter
-~ Asymmetry

‘in the Universe




STANDARD MODEL INCOMPATIBLE
WITH BARYOGENESIS

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

» Tiny CP violation (O(10-3)) in Labs: e.qg. KOI_{O

* But Universe consists only of matter
[TLB —Nnpg ng —npg

— ~ — (8.4 —8.9) x 1011]T> 1 GeV
np +npg S

Sakharov : Non-equilibrium physics of early Universe, B, C, CP violation

- Assume
np —NnRp  bufnot quantitatively in SM) still a mystery CPT
invariance




Within the Standard Model, lowest CP Violating structures

dep = sin({?lg)ﬁil](&?gg)ain({?lg):‘::i
2 2\ (2 2)

(m? —m2)(m7 — m2)(m2 ] m2) (mé — m2)(mi — m2)(m? — m?

Rubakov, Kuzmin, Shaposhnikov, Kobayashi-Maskawa CP Violating phase
Gavela, Hernandez, Orloff,Pene

2 2
- D =1Im Tr [J\/iu,f\/ld,f\/lu,y\/ld]

. D _ np—np Np—Np 11
C'P —20 ~ = (8.4 — 8.9) x 10
OkM ~ iz ~ 10 << e +7z s ( )

This CP Violation
T ~ Tsph T > T, sphalerons @ equilibrium Cannot be the

- Source of Baryon

Tspn(mp) € [130,190]GeV | %q Asymmetry in
o .
The Universe
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(m? — m2)(m? — m2)(m2 [ m?

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

Shaposhnikov

CP nB _ 8.4 —89) x 10~ H
O M ™~ ( )

This CP Violation
alerons @ equilibrium Cannot be the
- Source of Baryon

Tspn(mp) € [130,190]GeV | %q Asymmetry in
o .
The Universe



Role of Neutrinos?

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

 Massive v are simplest extension of SM

* Right-handed supermassive v 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)

_ _ ~  M; _
L = Lgys —I—NfiaH’}JJ’NI — F. i L . Nio — ?I NFNI + h.c.




SM Extension with N extra right-handed neutrinos RHN )

- M, _
L = Lsy + NyidA*Ny — Foy LoN1$p — == N¢Ny +hee.
MlnkOWSkl
Fukugita, Yanagida,
o — D 1 H_IDF { Mohapatra, Senjanovic,
v s M; - W7 Lazarides, Shafi,
seesaw Wetterich,

hter, Vall
explain light SM v masses Sechter, Valle,

Mp =F, v
v=(¢) ~ 175 Gev Mp < M;

F,4=101° > m 2= 1073 eV?



CPT CONSERVING Thermal Leptogenesis ‘

ﬁ

Early L — L SM —+ ﬁ-}i@H ’jr"'u' _Nj —
Universe
T >> Ty =102 GeV CPT Conserved

Lepton number & CP Violations @ LOOP LEVEL NECESSARILY,
WITH MORE THAN ONE FLAVOUR OF HEAVY RHN

N, — Hyv, Hi HEAVY M, > M,,




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

L — LS.\I —|_ *'m_frf 'I.-"a'u ’:r"'u' ;er — Fﬂf ‘E'L‘t f\,rf f,;:" _

f\_'}"j 1 + h.c.

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

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



CPT Theorem

Conditions for the Validity of CPT Theorem

P:Z— -7, T:t——tT), Cy(g)=(—g)

CPT Invariance Theorem : Schwinger, Pauli,
A quantum field theory Luders, Jost, Bell
lagrangian is invariant revisited by:
under CPT if it satisfies Greenberg,

(i) Flat space-times Chaichian, Dolgov,
(i) Lorentz invariance Novikov, Fujikawa,
(iii) Locality Tureanu ...

(iv) Unitarity

(ii)-(iv) Independent reasons for violation
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