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* RVM cosmology in modern era & potential resolution of data tensions






Important (last ~ 20 yrs) Discoveries in Cosmology/Astronomy
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Important (last ~ 20 yrs) Discoveries in Cosmology/Astronomy
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What still we do not know/did not
observe:
Nature of Dark Energy
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? ....)

TT,TE,EE+lowE+lensing

TT,TE,EE+lowE-+lensing
+++++

TT,TE,EE+lowE+lensing
+++++++++

Natural inflation




CM

Help
unde
evolt
showv
acce
cons

Cosi

Infle

3 ®s e

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

A/ ACDM appears
to be in tension with

What still we local measurements of

0
present-era H
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in CMB from very early Universe)
Microscopic models of Inflation
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dynamical e.g. Starobinsky type? ....)




The HO tension

We have two different

blocks giving estimates of
the Hubble constant in Planck TT + IoWTEB 2015 -

tension with each other:

WMAPG =

Planck TTTEEE 4+ lowTEB 2015 4

« CMB (WMAP, Planck, R e R Ho (Km/s/Mpc)
ground based
telescopes), BAO, BBN, Planck TTTEEE + lowE 2018 -
Pantheon; -

 Direct local distance R18 -
ladder measurements
(HST, SHOES) and
Strong lensing HOLICOW -
(HOLICOW).

R19 -

E. Di Valentino September 10th, 2019

VIl Meeting on Fundamental Cosmology
Madrid




S8 tension ' Priors |

Priors |l

Priors 1)
Priors IV

Planck

o

E. Di Valentino

September 10th, 2019
VIl Meeting on Fundamental Cosmology
Madrid

,, 0g = current matter density rms
fluctuations within spheres
of radius 8h-' (h=H,/100 =
reduced Hubble constant)

A tension on S8 is present between the Planck data in the ACDM scenario
i cicasiie Scantal, Joudaki et al, arXiv-1601.05786

S8 tension

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

DES lensing 1N

Planck lensing
DES lensing+ Planck lensing [N
Planck TT,TE,EE+lowE N

R N DES joint
KiDS-450

Hildebrandt et al., arXiv:1606.05338.

While there is no tension with DES galaxy lensing, a tension at about 2.5 sigma level

is present for the DES results that include galaxy clustering. . . .
: s ! The S8 tension is at about 2.6 sigma level between the Planck data in the

ACDM scenario and CFHTLenS survey and KiDS-450.
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Microscopic
understanding of
Matter/Antimatter
10,000,000,001 10,000,000,000 asymmetry in the

| Universe?
.br

Baryon density in the Universe:

From CMB (Planck 2018 data)
Q, h?2=0.0224+0.0001

From Big Bang Nucleosynthesis
Q, h?=0.0214=%0.002

The (observed)
Baryon Asymmetry

ng —nNpg ng —nNpg

— ~ —= (8.4 —8.9) x 107 | T>1Gev
np +Ng S

S = entropy density
of Universe



Attempts at Explanation - Sakharov ‘s Conditions
Baryon number violation
C-violation

and CP violation

Departure from thermodynamic
equilibrium (non-stationary
system)

Standard Model (SM) sabisfies these conditions

but not at the ..right magnitude :

the CP violation in the quark sector of the standard
model is .some ten orders of magnitude less than the
one required for the observed matter-antimatter

as mme&rj
C‘i? violation in l.ep&ov« sector wot 3@.& observed é

od
Need new phvsms beyond khe SM > <
new sources of C¥ violation?

Assume CPT
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Role of Neutrinos v?

* Several Ildeas 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



Baryogenesis through Leptogenesis
In models with heavy right-handed neutrinos
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Lepton Asymmetry is then communicated to the Baryon sector
by equilibrated sphaleron processes in the standard model which
conserve the difference Baryon (B) - Lepton (L) number, but
violate B + L —> Baryogenesis = Baryon Asymmetry



Baryogenesis through | ~ nesis

In models with heavy r’ 1eutrinos
iV

Isrmmed T TR
W Sumeone added an extra hhue dot,

This 15 not art! It's trash!

K Turzynski (ITP, Warsaw), talk :
https://www.slideserve.com/finola/why-is-there-something-
rather-than-nothing-baryogenesis-and-leptogenesis




Specifically, we shall argue that in contorted
string-inspired cosmologies (UV complete)

Gravitational Wave condensation in early Universe =
Gravitational Anomaly condensation -
Torsion-induced axion background A(x) with

constant (or, at most, slowly varying with cosmic time)
time derivative €= Spontaneous Lorentz Violation

STANDARD MODEL Lorentz &
EXTENSION EFT ' CPT Violation
Kostelecky, Bluhm, Colladay, / 4 _
Lehnert, Potting, Russell et al. Q.‘

L = %il/—/["’év\[/ — J/M]// M=m +a#y“%H““’0w,

f Spontaneous Violation of Lorentz Symmetry

(LV coefficients are v.e.v. of tensor-valued field quantities )
by, = constant is string-inspired H-torsion
background inourmodel: 0, =0,b, b=axiondual ofH
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Einstein-Cartan Theory with (Quantum) Torsion
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De® = de® — w‘{, AN eb — () Metricity postulate for Einstein-Riemann spacetimes
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Einstein-Cartan Theory with (Quantum) Torsion
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Einstein-Cartan Theory with (Quantum) Torsion
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1
2K2

G = —/d4$RabA*(e Aeb) =

2K2

/d4 (Rab + Kac AKS) A x(e® Aed)

Hodge star  x(e™ ...e%) =



Einstein-Cartan Theory with Quantum Torsion
Fermions
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Einstein-Cartan Theory with Quantum Torsion
Fermions
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Only totally antisymmetric
T(ab) = —2K|[ab]

part of torsion couples to
fermionic matter



Einstein-Cartan Theory with Quantum Torsion
Fermions
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Only totally antisymmetric
T[abc] = —2K [abc]

part of torsion couples to
fermionic matter

Torsion 3-form

1

1
= gTace® A e’ Aef, Itsdual 1form S =T, with components 3= = R

Torsion couples with axial fermion current

3 — 3
Sy 2 . /d4a: \/—gsz/)'y”'fz/) = /S/\*Js J° = Jf:d:v“,



Einstein-Cartan Theory with Quantum Torsion

Torsion

,70 ,Yb ,_YC oA
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Torsion 3-form “iiiiiiiiiiiiaiianiant o

1 i 1
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Einstein-Cartan Theory with Quantum Torsion
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“There Is a fundamental
error in separating the
parts from the whole, the
mistake of atomizing what
should not be atomized.

Unity and complementarity

constitute reality” Werner Der Teil

Heisenberg  und [
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Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational

Stp¢ : :
e multiplet of (closed) strings:
Ay 2Aal spin 0 scalar (dilaton ¢)
XLQ“S . .
A spin 2 traceless symmetric rank 2
é""séoh tensor (graviton gpv)

spin 1 antisymmetric rank 2 tensor

kaLe-RAMOND FIELD 5, = — B, ,
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Massless Gravitational

Ira 5 %EMSw multiplet of (closed) strings:
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Ax‘ﬁ"@"lai spin 0 scalar (dilaton ¢)
e “s spin 2 traceless symmetric rank 2
o';‘orsgc,h tensor (graviton gpv)
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U(1) — symmetry : B, — B, + 5[M9(513)u]



Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational

9gr QSSg;‘élgj multiplet of (closed) strings:
Xic tOhg( spin 0 scalar (dilaton ¢)
A s spin 2 traceless symmetric rank 2
éC)r.SéQh tensor (graviton gpv)
spin 1 antisymmetric rank 2 tensor
KALB-RAMOND FIELD B'uy — _BVIUJ
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action U(1) — symmetryl By, — Buy + 0p,0(x),
Sp= [ d* —~R+29, @ ®| — — e P Hy , H*Y + ...
2 6K2
=8w G Green, Schwarz

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

Hyp = ({)[/_L B,,p] :> H =dB + 8_ (QgL — Q3y)

K
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Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational
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Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational

Stp¢ : :
4 multiplet of (closed) strings:
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Svrcek & Witten Contorsion



*  Svrcek & Witten

k2= 81 G Green, Schwarz
String Anomaly Cancellation requires modification in definition of H,,,

H,wp = C)[I-‘ B,,p] :> H —dB + 8i (Q3L — Q3y)

K
g
Q3L:wac/\dwca—|—§wac/\wcd/\wda, QgYZA/\dA—I-A/\A/\A,
Vpo D Vpo 7 |74
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> 1 ~ 1 Dual

R,uz/po — 25/11/045Raﬁp0 F;u/ — 55,UJ/O¢5FQB tensors



*  Svrcek & Witten

k2= 81 G Green, Schwarz
String Anomaly Cancellation requires modification in definition of H,,,
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mixed

— g(w7 A) anomalies



Tc) Hﬂ
ts e
: * Svrcek & Witten
CiBt,thhé Duncan, Kaloper, Olive
Qh&f‘y f()
HHVp
K2=8m G Green, Schwarz |
String Ar ¢ ~~n~uires modification in definition of H,,,
S |
Pﬁng' fzrge ¢ tin a /
H,,=d Lagrang, Iral v; > )
pvp [ Pseﬁéc(gs I€ g, t.a‘ e = SOLAE R
Calgyp b( ter '

RS A A dA L AAAAA.

mixed

— g(w, A) anomalies



Bianchi
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Bianchi

IL, 5(#7° Hypo(x),, — G(w, A)) =f Dbeso [i | d‘*w—_g%b(:v) (777 H(@)upors = Gl A) )|

— [ Db exp[ =i [ dry=g (o) e 17 + L Gl )]

2 — / DH Db exp(—H A +H + c1b(dH — G) +...) Effective action
after H-torsion (exact)
path-integration
/ﬂ— a o’ 1 1, V2o ( pHYpo ~uu) \]
gt — ./d.r\/_g[ 75 B+ 5 0 0b+ T h(a) (Rupo R o F) + ...
KR-axion anomalous
CP-Violating interaction

C‘f. atassit‘:auv i 4 dim: | —3 ﬁ@ab g \/fgeuypaHuup



Bianchi anomalies

1, 6(5“"’”" H,upa(.'r);queXp [z / d4$\/—_g%b($) (sWPC’H(g;)VpU;M ~ G(w. A))}

. . 1 b(z)
_ o T FE, po
— /Db exp[ i /d T\/—@q (O“b(:r) ‘/§EI‘VPU HP7 + . g(w,A))]
zZ = / DH Db exp(—H A +H + c1b(dH — G) +...) Effective action
after H-torsion (exact)

path-integration

4 )

. 1 i V2a - ~. =
Solf — /d4I,/_—g[—2H2R+§0ub6“b+ @) ) ]

KR-axion anomalous
CP-Violating interaction

o J

Cﬂf. aiassicauj i 4 dim: | —3 ﬁ@ab g \/fgeuypoHuup



E’ Db exp [i/d‘lx\/—_g%b(x) (s““p"H(m)ypg;,,, — g(w,A))}

. 1 b(z)
_ e e i po
— /Db exp[ i /d T\/—@q (O“b(:r) ‘/§EI‘VPU HP7 + . g(w,A))]
zZ = / DH Db exp(—H A +H + c1b(dH — G) +...) Effective action
after H-torsion (exact)

path-integration

4 : )

. V2a = = =
Solf — /d4I,/_—g[—2H2R+§0ub6“b+ @) ) ]

Total derivatives
shift symmetry: b(x) = b(x) + const. A

o J

Cﬂf. aiassicauj i 4 dim: | —3 ﬁ@ab g \/fgeuypoHuup



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

\/§al . ~ul/p0’ A",;u/ \
* %6 mA) ) ]

Total derivatives

A\

J

cf. atassiﬁai.i:j i 4 dim: | —3 \/580[) s \/jge/.ll/dequ



Inclusion of Fermions

s = [ d'av=g[ - 5

Fd _ gabed

\ =t

X A
eb/laa €

vielbeins

Axial Current

\/§a’

96 k\/3

3 Fc?
G o / d*z/—g J-',, \G a,,b) § Rt

Y.
KR-axion anomalous

CP-Violating interaction

/d“;r. —q 5J5“+...]+

J

b(z) (R,,,,,,o R _oF, ﬁ“”) |,

/

After integrating out H field with Bianchi constraint



Inclusion of Fermions

B ) (5 ) )

3 3k2
+ Shirac + /d41\/ Fu+ \/;i?ub) d i /d“;r. —g\CJoH +] +

or Majorana“

16 .
F4 =€ade€b/1(9a 8'2”, vielbeins \ KR-axion anomalous

CP-Violating interaction

\ JPr — 'l,i'fj ’7‘“ ’)’5'?4'"3‘ Axial Current /

After integrating out H field with Bianchi constraint

s = [ d'av=g[ - 5




Inclusion of Fermions

1
2K2

-

7= feoral- 2

)

R+ %6,,b6“b+

ASTTE= /d"m/ —q (.F,, + %

KR-axion anomalous
. = s CP-Violating interaction
\ F = W5 Py ¥;  Axial Current /

s abeile il
FE =006 2%. ielbeins

After integrating out H field with Bianchi constraint
NB: L£=,/—g(i¢ 7“601‘;’) — m )

=7 i — L=Ls+Lr==gP [(i7"0a —m) +~"7"Ba] ¥,
Da — (80 = _wbcaobc)
4
L BY = obcde, ((%ei‘ + Féye?eﬁ)
— A A _ -
Woca = ebx (Baey + T elel) . T =T +-pgp # T

/3 e
Bd 3 eadeHbca



Inclusion of Fermions

1
2K2

-

7= fenral-

2 b(x) (RWW RP _oF, ﬁ“”) + \]

B ey
R+§0ﬂb0“b+ 96 /3

s I3
ASTTE= /d“r\/—g (}‘,, + % \/;Bﬂb) d g

d __ .abcd % AT
Fh =g eb,z(r)a €. vielbeins Repulsive ints.
- - e characteristic
\ JH = ;" 471;  Axial Current of torsion /

After integrating out H field with Bianchi constraint



The Model

96n

3 32
SO o / d'sv/=g (Fu+ \g Bub) J* — = / d'ay/=g pI* +...| +

JoB — 1/-),-7“’75% All fermion species  J d=8ab6d€b;,8a€/cle




The Model

_ / d'zy/ [~ 55 R+ 5 0:b0"b+ y2a (@) (Rumos B2 < ™) +

96n
v S+ [y (Rt 5y [300) o 32
Jor = 'J’j'Y#’YS'ij All fermion

Vanishes for Friedmann-Lemaitre-
Roberston-Walker backgrounds




The Model

96n

=/d4:z:—g[—%R-{—%@”b@“b+‘/§ b(:z:)( ,,,,WR""W—CF F‘w)

s / d'zv/=g ( ;\[ 0ub) J"“‘—— / d'o/=g JpI* + ... | +.

JPH = i y5; Al fermion species




The Model

Av\omatj Eermas

g — /d“x—g[—%iR-i- %8,,60"6-!—

+S,§;,?:c+/d"z\/—_g( -g\/ga,,b)

J*# = iv*7°; Al fermion species







The Parts



Gravitational Anomalies & Diffeomorphism Invariance

4 ~ ) y
(yvaviE&ELf;)V\&L d L\ — g b(gj) ( lepo R,LLI/,OU o F,Lu/ FW/)

QV\CJW"O‘U'QS ‘l
Spoils conservation Topological,
of stress tensor does NOT
(diffeomorphism contribute to
invariance affected stress tensor

in quantum theory?)

5| / d*zy/=gb Ry p B | = 4 / diz\/—gCH bg,, = —4 / diz\/=gC,, 5g"

Cotton tensor

1

e =~ [,UG (gayaa RV, + eV Ru}s;a) e ( Bruov ﬁmu)] _ _% [(”0 p,w,,) o V)]

A

U =00 = Von Bir = Ui =B

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



Gravitational Anomalies & Diffeomorphism Invariance

4 ~ ) s
(yravi?:&ELf;)V\&L d L\ — g b( Qj) ( R,Lbl/pa R,Lu/po o F,Lu/ Fp,z/)

o\v\OW‘O‘L&S ‘l
Spoils conservation Topological,
of stress tensor does NOT
(diffeomorphism contribute to
invariance affected stress tensor

in quantum theory?)

5| / d*zy/=gb Ry p B | = 4 / diz\/—gCH bg,, = —4 / diz\/=gC,, 5g"

Cotton tensor

o A (e ) (R 4 )| = (0 B), ¢ )]

Vo =050 = Vv Uir = Whie =D I : not necessarily
positive
Traceless 9uy C* =10 contributions

to vacuum energy



Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

1
T N 1) _ Ony [LI
R 2 g R C == frma,ttel
4 I
. — 1 e Raﬂ*yé E
e %7 , oy
\ 8 W,

Ve = O,b 1

9 Y Diffeomoprphism
{ Tmatter ’,u C'LL # invariance breaking by

ravitational anomalies ?




Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

1
py U _ COnv 2
R 2, g R=C == ko irmatter
4 N
. — 1 e Raﬂ’ycs E
i — | = U : oy
ik
N 8 )

e
Ug = ao'b No problem
with diffeo

5 L Conserved Modified
k“TH + CHY, y = 0

stress-energy
matter ;u tensor >

exchange of energy
between matter & anomaly
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The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

S%ﬂ"= /d4x [—QLR-I- 0 ba#b_l_\/g gz R’wpa}'i;wpa_i_.“]

1 g al
—/dw g[ 2n2R+26,,b6b \/;%Ra b(z) K + . ]




The Model in Early Universe:
only gravitational d.o.f. (b, g,,) |—22(2019-20)

Non-trivial i
GW present

Seﬂ’= /d4.’17 —g[—iR+%6,,b6“b+\/

2K2

1 1 2 =
e 4 ol 5 i 7 A H
_/d Fixt g[ 252R+28“b6 b \/;96ﬁ6”b(x)lC +] ;

Primordial Gravitational Waves




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

1

Seﬁ=/d4a7 [—2—R+ aba"b-l-\/

2 o

RHV PO
3 06 K Rpupa'R +]

1 5 LT
_/dw g[ 2E2R+28,,b66 \/;96,;6 b(z) K* + . ]

Primordial Gravitational Waves NEM,Sola

Potential Origins in pre-inflationary era? E(zPalzﬁ;l'




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

1

SeE=/d4a7V [—TR-I- 363"6-{-\/

2 o

3 06 x e

1 5 LT
(e —~ L i - "
- /dx\/ g[ 2&2R+28“b6 b \/;96,;6 b(z) K* + . ]

Primordial Gravitational Waves NEM,Sola
Potential Origins in pre-inflationary era? E(Zpalzﬁ;-
(i) Primordial Black Hole merging




The Model in Early Universe:
only gravitational d.o.f. (b, g,,, ¥,) Sof3 (2019-20)

1 2 «
eﬁ'= 4 i 1R M Rp.l/pa
S /da:\/ [ s R+ c’)bab+\/396 E3 ]

1 2 o
. 3o —F 'R 1 R, ”
—/dw\/ g[ 252R+26"b6b \/;96,;,6 b(z) CF + . ]

Primordial Gravitational Waves NEM,Sola
Potential Origins in pre-inflationary era? EZP(‘)';;’T
(ii) Collapse/collisions of Domain walls formed in ( )
theories with (approximate) discrete symmetry

breaking, e.g. via bias in double-well potentials of
some condensate (gravitino ¢, or gaugino)




The Model in Early Universe:
only gravitational d.o.f. (b, g,,, ¥,) Sof3 (2019-20)

SUGRA broken

gravitino
Condensate
stabilised 2
RVM GW-induced Inflation

Lalak, Ovrut,
Lola, G. Ross,
Thomas

Statistical bias (percolation) in
occupation probabilities of the +,- vacua

Primordial Gravitational Waves NEM,Sola
Potential Origins in pre-inflationary era? E(zpc‘:zg;r
(ii) Collapse/collisions of Domain walls formed in

theories with (approximate) discrete symmetry
breaking, e.g=Via bias in double=well potentials o Ellis, NEM

some dondensate (gravitino ¢ Jor gaugino) Alexandre,

Houston



The Model in Early Universe: Basilakos, NEM,
Sola (2019-20)

only gravitational d.o.f. (b, g, w,)
V(o)

First hill-top
inflation SUGRA broken
gravitino
Condensate
stabilised 2
RVM GW-induced Inflation

Pre-RVM inflationary phase: superstring/supergravity
Effective action - Imaginary parts = instabilities

First Hill-top inflation = finite life —time >
System tunnels to RVM inflationary vacuum (GW condense) NEM Sol;a \
)

EPJ-ST

Ellis, NEM

Alexandre,
Houston




The Model in Early Universe: Basilakos, NEM,
Sola (2019-20)

only gravitational d.o.f. (b, g, w,)
V(o)

First hill-top
inflation SUGRA broken
gravitino
Condensate
stabilised 2
RVM GW-induced Inflation

Pre-RVM inflationary phase: superstring/supergravity
Effective action - Imaginary parts = instabilities

First Hill-top inflation = finite life —time >
System tunnels to RVM inflationary vacuum (GW condense) NEM.S oI\a
H

EPJ-ST

H /N
no?  KRaxion
Inflation.  dominance GW + A y
+
SEs + Anomalies
Era dominance

RV M-inflation

Ellis, NEM,
Alexandre,
Houston




The Model in Early Universe: Basilakos, NEM,
only gravitational d.o.f. (b, g,,, @,) |—22{2019-20)

V(o)

First hill-top
inflation SUGRA broken
gravitino
Condensate
stabilised 2
RVM GW-induced Inflation

NEM,Sola

H 7N

kg KR axion

Inflation.  dominance CW+A ;
+
Stiff-matter i nomalies
Era dominance

RV M-inflation

Ellis, NEM

Alexandre,
Houston




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

Gravitational
Chern-Simons (gCS)

1 Ruveo 4 ]

Seff=/d4a:\/_[—2—R+ c’)bc‘)"b-i—\/

2 o
3 96k

1 2 o
_/d T/ g[ 2&2R+28pb66 \/;96»'-;6 b(z) CF + . ]

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

2 a = i
gCS — \/; e / @'z =g ((b(@) Ruvpo B*P7) + :b(2) Ryups R*77 ;)

quantum ordered




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

Gravitational
Chern-Simons (gCS)

1 — ]

SeE=/d4a7V [—2—R+ 6ba"b+\/

2 o
3 96k

1 5 LT
= 4 ol — e 75 "
/da:v 9[ 2&2R+23pbab \/;965,6 b(z) K +. ]

x ot i
< /[ LV po
+\/; 96 K /d4$ g (b(x) R#PPU R )
Condensate < ...> of gosm*o lo,rg':f:l'
Gravitational Anomalies onstant-=like
gCS — \/; e / @'z (=5 ((b(@) Ruvpo B Db :b(2) Ryups R*77 ;)
quantum ordered




v—9 Kt (w),
Effective action contains CP violating axion-like coupling / g

2 of 4
Seff — /d‘*n/_[— S5 R+ d b oMb + \g;g/l;(x) (g 1R )+ ]




Effective action contains CP violating axion-like coupling / Oy (\/ —g k¥ (w))

1 V2o 4
s = | g ,/_[——R Db O z) (Ryypo BP0 Y+
/ v + 5 0ub b + S b(@) (Rupe R )+

-

Average
ds? = dt? — a*(t) (1 = hs (¢, 2)) 12 )

over inflationary
space time in the
+ (14 hy(t, 2)) dy? presence of
primordial

+ 2hy (¢, z) dx dy + d2? | Gravitational waves

b(x)=b(?)

Alexander, Peskin,
Sheikh -Jabbari

\_




Effective action contains CP violating axion-like coupling / Oy (V —g K¥ (w))

Lo ~
veff 4 . L \/: - ‘ L po ’ ]
S¢ ‘/dTJ_T -—<R+ 0b0b+£mméujOﬁwwR )+

integrate over graviton
modes with momenta
up to a UV cutoff u

b(x)=b(1)

Alexander, Peskin,
Sheikh -Jabbari

-

Average
dﬁzdﬁ—fuﬂu—hAnam?\

over inflationary
space time in the
+ (14 hy(t.2z))dy* | | presence of
primordial

+ 2hy (t, 2) dx dy + d2? | Gravitational waves

/

u
2 16 Sk H?
(Ruvic VPO = — &7 / ( K ©+0(0°)

a* 2mw)3 2k3
2 3 K = ]\4_1
O=4/-—=Hb< 1 e
312 b= db/dt
H = const.

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



Effective action contains CP violating axion-like coupling / o (V —g K¥ (w))

T 4
veff 4 . L \/:O‘ Qv po
S¢ /dn/_[ —R+ c)bc) b+ %ng(x)(RW,MR

- )

ds? = di? — () (1 = hy (¢, 2)) da?
+ (1 + hy(t, 2)) dy?

+ 2hy(t, z) dx dy + d:2|

Average

over inflationary
space time in the
presence of
primordial

Gravitational waves

b(x)=b(1)

Alexander, Peskin,
Sheikh -Jabbari

/

u
d s ~vpoy 16 dik: B2 3
a7 (VIK0) = Ruvps R7%) = 20 | Gy sk ©+0(@)
Homogeneity
& Isotropy 2 k3 _oas—1
0=/ " Hi<1 = Mpy,
312 b= db/dt
H = const.

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



Solutions (backgrounds) to the Eqs of Motion

2
396k

AN G /a(r))] B B




Solutions (backgrounds) to the Eqs of Motion

o = M ?

Oa [\/—(aab 96x"£/a(’) _O <\/§

961(

k

d 16 , Mk B
9 (VK0) =| (Ruvpo RAP%) = 21 / 5k e+0(0?)

time evolution of Anomaly

M = UV k-momentum Cut-off



Solutions (backgrounds) to the Eqs of Motion

2

Ou [\/——g(aaz‘;— 396k

sza(r))] -0 = b=

4

16 , tMdk H?
2 (VT9K°0)) =| (Ruvpo BP0y = =i / s>k 9+0(0%)

k
\/712HbO< ICO ‘

Jifbgg.n(o)eXp[ 3Ht(1—073x10 (51)2(%)4)]

time evolution of Anomaly

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

2
396k

AN G /“(r))] B e B

4

d 16 "3k H?
%(\/—_glco(t)) = (Ruvpo-R“v ?) = K'z / 37 3k4@+0(®3)

k
~ 2 o KO
- §E X M = UV k-momentum Cut-off
0) = A2 (- S(H e
/(f)—c%/begin(o)e)(p[ 3Ht@ (Mm) ( )

=5 0 during inflation

time evolution of Anomaly




Solutions (backgrounds) to the Eqs of Motion

2
396k

AN G /“(r))] B e B

4

d 16 , (‘i H?
9 (VK0) =| (Ruvpo RAP%) = 21 / 5k e+0(0?)

k
~ 2 o KO
- §E X M = UV k-momentum Cut-off
0) = A2 (- S(H e
/(f)—c%/begin(o)e)(p[ 3Ht@ (Mm) ( )

1L Mpy\ 1/2 = 0 during inflation
~ 15 (—)

M, H

time evolution of Anomaly




Solutions (backgrounds) to the Eqs of Motion

2
396k

AN G /“(r))] B B

4

d 16 , Mk B
9 (VK0) =| (Ruvpo RAP%) = 21 / 5k e+0(0?)

k
—\ﬁm—gﬂboc KV ‘
V312

HO(t) ~ 2. (0) exp[—3Ht(l—0.73 x 1074 (%)2(%)4)]

F* Mp\ 1/2 Spont
S | i 0 pontaneous
M, ( H ) » K~ = const. LV solution A

—4 to ensure constant anomaly
Planck Data H/MPI < 10 » 1/ M, = 0(10%)

time evolution of Anomaly

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

= 2 — 7.0
= (s | § SR ot = I N ... I
o [\/ g(a b 39 / (t))] 0 =1b 3 06 A" ~ constant

‘ b x eiijZ-jk — constant

d 16 , (‘i H?
9 (VK0) =| (Ruvpo RAP%) = 21 / 5k e+0(0?)

k
—\ﬁﬁ’—gﬂboc KV ‘
V312

HO(t) = Hilyn(0) exp | —3H1 (1-0.73 x 10~ (AZ)1>2 (%W

B, 4 % 12 0 Spontaneous
M, 15( H ) » K~ = const. LV solution A

—4 to ensure constant anomaly
Planck Data H/MPI < 10 » u /M, = 0(103

time evolution of Anomaly

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

/ . /
ot [\/—g(a"‘l_y—\/ggz’(%“(t))] = = [E= ggle/owconstant}

b x e”kHijk — constant

Using slow-roll assumption b
L.

_ 102
€= 5 CITL b 10 Planck Data

@en_d of .
Lr::atlonary b ~ vV 28Mp1 H ~ 0. 14Mp]H

H = H;,q ~ const.



Solutions (backgrounds) to the Eqs of Motion

g 2 o > 2.
— a — — ala 3 =7 ON
80,[\/ g(a b 3961([ (t))] =0 = [b 3961(1/ constant}

Using slow-roll assumption b
1 | L. ,)
£ — b ~ 107 = Planck Data

@ end of
Inflationary
era

e De M E 200, 1A Mo 2

Constant anomaly

during inflation,

no transplanckian
modes !

26 x 105 Mo < M, < 1 0-4 M, Restricts M, range

H = H;,q ~ const.



The Parts

: L
Skris, Gro\v&o&ﬁcv;&
9ra Vi f’q £ 3? OO \N\OLLLQ.
AX(:C)M 3“10«1 Pr
+ Sr ‘"’Hc;rc(
MQVQS al
Lorentz- @p"‘%
Violak LV\S k&\f" T
Leptogenesis . S i
i & D vx&“";ﬁ ;‘:'\ R (o
makter- V“%t& - \\;\,,0 ¢
b <@ N [
ankinatter SithoY L X 0&02‘&&
Asvjmmef:rj e_ﬂ:@-"v“o‘ o 37_*2*"\
inflokon el



The Parts

Kk Enerqgy

(\\T‘ U,V\V\E«MS %_'_ E. OV\&L
otk
vacuum model Skri, CrroVitOTn
N AXt:c)g,l - a Pri
¢ " 3 rqv or c((,q i
\ g v es al

Lorenkz-
Violating
Leptogenesis
&
matbter-
anktimatter
Asvmmef:rj




Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

Positive
A = (b(z) R,ppo R*P°) ~5.86 x 10" e N H* > (0 Cosmological
e-foldings Constant-like

0O(55-70)

Positive total energy density since A-term dominates

H

2
Protal = Pb + pacs + pa ~ M, [— 17 10—3(1\/—) + (1.17 L 1.37) x 107 (i)‘*] >0

Ip Mpy




Gravitational Anomaly Condensates - Dynamical Inflation

Basilakos, NEM, Sola |

s Positive

A= (b(z)R,,,, R*P°) ~5.86 x 10" e N H* > (0 Cosmological

,. M-
523 Constant-like

Positive total energy density since A-term dominates

2
Protal = Pb + pacs + pa ~ M, [— 1.7 x 10—3(%) I (1.17 L 1.37) x 107 (i)“] >0
1P]1

Mp,
ARS)

R Q"‘e: ? Can show analytically the De-Sitter type
v \xfu\"w‘v\a&@}' equation of state but with H = H(t) slightly

(\(;w“ V\’\‘j‘zm varying with cosmic time:
VO &

v ?ejl { . .go\d ptotal(H(t)) 3 _ptotal(H(t))

so\‘a g total = b — terms + Grav. Chern — Simons terms

\V + Condensate



Gravitational Anomaly Condensates - Dynamical Inflation ]

—

Basilakos, NEM, Sola ]

Positive

A = (b(z) R,ppo R*P°) ~5.86 x 10" e N H* > (0 Cosmological

Constant-like

Positive total energy density since A-term dominates

H

No external
Ry »;‘,V\excyj inflaton fields
% W
~ V\V\b A@—L
(\"‘ W w\e
\lac;"“;: (\\1\2 N\m
™

Buk slow roll is due to the KR axion field €

2
Protal = Pb + pgcs + pa =~ 3Mp, [— e || (—) +H1.17 — 1.37) x 107 (1)4 y
]\/[Pl ]\/[pl

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

condensate
(cf. spares RVM evol)

1 1 22
— b ~ 1072
2 (HMp])2




Shapiro + Sola

CF. RUNNING VACUUM MODEL Sola + ...(2000)
1 A
Ry — = guv R = 810G (T +
13% 9 Juv ( 12% v 87TG)
G e Mp = 1.22 x 10" GeVe 2

— ﬁ%’
1/v8m G = Mp) = reduced Planck mass

Cotter  9uv /()] total stress-energy
[Tuv =p9uw +(p+p)U, U, = Tuya’tte + léﬂ G] tensor, including

vacuum terms

Total energy: ptot.al - pﬁVM _l_pdust _I_pradiation

[Running vacuum: A > A(t) cosmic-time dependen’r]

V#T,, =0 energy — momentum density conservation A



Shapiro + Sola

CF. RUNNING VACUUM MODEL Sola + ...(2000)
1 A
R..— — R = 871G Tmatter i
pv 9 v ( N 9uv 87TG)
g he Mp = 1.22 x 10" GeVe™?

— ﬁ%’
1/v8m G = Mp) = reduced Planck mass

Cotter  9uv /()] total stress-energy
[Tuv =p9uw +(p+p)U, U, = Tuya’tte + léﬂ G] tensor, including

vacuum terms

Total energy: ,'cta! gty pradibon

p

HA
Co + vH? + a—)
( H?

AH) 3

A A
PrvM = ~PRVM prvm(H) =

2 <2

V#T,, =0 energy — momentum density conservation ‘
®




Shapiro + Sola

CF. RUNNING VACUUM MODEL Sola + ...(2000)
1 A
R..— — R = 871G Tmatter i
pv 9 v ( N 9uv 87TG)
g le Mp = 1.22 x 10" GeVe™?

— ﬁ%’
1/v8m G = Mp) = reduced Planck mass

Cotter  9uv /()] total stress-energy
[Tuv =p9uw +(p+p)U, U, = Tuua’tte + léﬂ G] tensor, including

vacuum terms

Total energy: ,'cta! gty pradibon

p
_AH) _ 3

H4

A A -
- +vH* + a—
PrvMm PRVM P p> (00 H?)

@ energy — momentum density conservation A




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

_ AH H*
’ I ;

VET,, =0 ’ pm +3(1 +w)Hpm = —prym

" 2
H+g(1+w)H2 (1—V—C—°—aH—) -

H? H12
Solution 1 — 1/2 H
H(a) = ( o V) \/D a3(1—u)(ll+wm) BTN
D >0

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

(unstable)

W = 33

Late dark-Energy H2(a) — {2 [Qmo a—3(1-v) 4 QAO]

dominated era QA(): dominant



CF Cosmological Evolution of RVM | NEM, Sola

4
W = Pm/Dm M = stiff axion in stringy RYM  |pftyn(H) = 2E) _ % (CO L H? M%)
I

K2

VET,, =0 » pm +3(1 +w)Hpm = —prym

: 2
H—I—%(1+c.u)H2 (1—1/—C—O—aH—) =

H2 ~H?
Solution 1 — 1/2 H
H(a) — ( o V) \/D a3(1—-u)(11+wm) ey
D >0

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

(unstable)

W = 33

Late dark-Energy H2(a) _ Hg [Qmo a—3(1-v) 4 QAO]

dominated era QA(’): dominant



CE. Cosmological Evolution of RVM |

4
W = pm/pm m = matter, radiation, stiff axion |prym(H) = A,(g) = % (Co +vH? + o=

Hi

i)

VAT, =0 WP Am+30+w)Hpm =—jhvn

; 3 0 co H2
Solution 1 — 1/2 H
H(a) N ( V) \/D a3(l—l/)(ll+wm) e K 1
. - s

Early de Sitter
(unstable)

H? = (1 —v)H%/a

Radiation
w=1/3

Late dark-Energy 2

- B o
dominated era (a) = Ho [Qmo = i QAO]

£~2A(): dominant

) > 1 md H~ a31-V)(1+wm)  g—




Gravitational Anomaly Condensates - Dynamical Inflation ]

Cannot obtain such terms NEM, Sola
in ordinary Quantum Field Theories

You need the condensate of
the gravitational anomalies
which have CP-violating couplings
with the gravitational axions

Protal = Pb + pacs + pa ~ IME, [— 1.7 x 10—3(£) 17 1. 37) % 107 (2 y4] 48
]\/[Pl ]\/[pl

RVM-like terms
4 drive inflation
M *ZV‘QXC‘) contain scalar d.o.f.

vos N W’“‘V\ A@' from the anomaly

o "u' 3 condensate
\l“cw " (\\Z\: NQ

2\ L -

Bub slow roll is due ko the KR axion field € o = Py |

2 (HMp))?



Gravitational Anomaly Condensates - Dynamical Inflation ]

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

it B 2
Protal = Pb + pgcs + pa =~ 3Mp, [— 1.7 x 10 3(—) +
Mp

(17 1.37) x 107(%)4 ‘
Pl

RVM-like terms
4 drive inflation
Ry g\;\‘-’xs contain scalar d.o.f.
o .
v . uV\V\bV\QAQL from the anomaly
) o WO ) condensate
\/aﬁ;f':{; (\(L\:N\
L3y
g
Bulb slow roll is due to the KR axion field € ~ l 1 N

2 (HMp))?



Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

: Positive

A = (b(z) R,ppo R*P°) ~5.86 x 10" e N H* > (0 Cosmological

Constant-like

Positive total energy density sincé A-terim dominates

Protal = Pb + pacs + pa =~ M )2 + (1.17 L 1.37) x 107 (i)‘*] >0

ota g Pl Mp

RVM-like terms
Negative coefficient v < O drive inflation

due to CS anomaly contain scalar d.o.f.
in early Universe, unlike from the anomaly
late-era RVM condensate
. . . 1 1 22
Bl slow roll is due ko the KR axiown fleld € ~ = b ~ 1072

2 (HMp))?



Solutions (backgrounds) to the Eqs of Motion

/ . /
ot [\/—g(aal_)—\/ggzxjfa(t))] = = [Ez ggle/owconstant}

Undiluted KR axion background
at the end of Inflation

@en_d of .
Lr::atlonary b ~ vV 28Mp1 H ~ 0. 14MP]H

H = H;,q ~ const.



Solutions (backgrounds) to the Eqs of Motion

/ . /
ot [\/—g(aaB—\/ggzKJ{fa(t))] = = [E= gglefowconstant}

Undiluted KR axion background
at the end of Inflation

Spontaneous LV

@en_d of .
:::atlonary b ~ vV 28Mp1 H ~ 0. 14Mp]H

H = H;,q ~ const.

| Important for Leptogenesis @ radiaktion era







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

Basilakos, NEM,Sola (2019-20)
Required by consistency of quantum theory

of matter and radiation (diffeomorphism invariance)



Cancellation of Gravitational Anomalies in Radiation Era

Chiral Fermionic Matter generation @ end of Inflation

Basilakos, NEM,Sola (2019-20)
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

/d“x\/—[—LRjL 8b8“b+—b \F %H-@ﬁ”)h

JH = YV yH )’Sl;/j, Chiral current, including RHN

(Mixed) Anomaly equation

o2
1
V¥ == F*VE,,
19272

871'2/

includes possible
chiral U(1) or QCD-type A> Gauge terms do not contribute to stress tensor

RIVPER = G(A )

anomalies - do not affect diffeomorphism invariance




Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Ir

JH = YV yH }’Sl[/j._ Chiral current, including RHN

[V (35 - TV ae) =Va 5 (Gt vor P+ g2 v, )

chiral U(1) Gluon QCD




Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

/d“x\/—[—LRjL 8ba“b+—b \F %H-@ﬁ”)h

JH = YV yH }’Sl;/j._ Chiral current, including RHN

o[ ([T L i) B (v s /565, 6

chiral U(1) Gluon QCD

po&e_m&mt role WL 03- ¥ %QV\
of KR axion <;] ?OW' ¢ Y& Ty
as aDM candidate %O f;\ﬁ— o&&af

v»‘.) ce
A S oA




CF:

Cosmic
Time

forward direction

Summary of (stringy-RVM) Cosmological Evolution

Basilakos, NEM, Sola

2.6 X105 Mp;< Mg S 104 Mp,

8 K z\f
QCD _ .
["b ~ AGep (1 = C&S( ) } fo = [ [ ,\ fp] " My

Aocp ~ 218 MeV

@ QCD
Era

geff /d‘x\/_[ 8,bO"b — ﬁgw b(z) G° 'c”:afw]

T~ 200 MeV

atter Era

—4 Instanton-effects-induced
My — O(]_O ) eV  Kr-axion potential and mass
due to QCD chiral anomaly

Possible potential generation for b - axion Dark matter




Cosmic CF: Summary of (stringy-RVM) Cosmological Evolution
Time Basilakos, NEM, Sola
Sbr¢
Jravg ?9;'7
Michgy
AX(:(,)“S
+ Dark Matter
kS Tsion
i
(8
Q
=
o
£ KR (gravitational or modet—évxdepehdenﬁ) axions
3 connected to “torsion” in string theor
& > Greometbrical origin of Dark Matter
Matter Era Possible potential generation for b - axion Dark matter




Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

/d4x\/_[—LR+ 8b8”b+—b \F %“—@JS“)JJF

JH = YV yH }’SIIIj, Chiral current, including RHN

2
\/7 oA \/7 — “chiral U(1) anomalies”
3 96 Possibly also QCD type
Eqs of Motion for b-field > dj ( v—8 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

/d“x\/—[—ikju Iy ba”b+—b \@%x“—\gﬁ“)]Jr

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

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

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

and/or QCD type
Consistent with stringent phenomenological limits of torsion, LV & CPTV
today in the context of standard model extension



CF.

In presence of fermions KR (approx. constant) background B, = M])_]]ZSMO
couples to axial-fermion current

STANDARD MODEL
EXTENSION EFT

Kostelecky, Bluhm, Colladay, B,
Lehnert, Potting, Russell et al.

L= %ig{}[’"{iﬁ/ — I,ZMI// M=m +a#y“%H“"am,

A\

x 0, bJ"H
B,

_ Lorentz &
CPT Violation

<

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



BO . (scale factor a(t) & 1/T ), T=cosmic temperature

BO = Mgllg If chiral U(1)

anomalies present

BY ~T?

matching with exit from inflation & requirement
for leptogenesis (see below)

BO S 2.4:35 X ].(:)—34 GV VS B()today = C)(IO_“) meV
today
chiral anomalies
Absent” B° - 77
___ Quite safe from stringent |BO‘ < 107 %eV
(@@ BxperimentalBounds | p = o 10731 GeV

Taking into account Earth’s Veliocity 2l ot B
relative to CMB frame (400 - 800 km/s) : B ( ) 0




Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

/d“x\/—[—ikju Iy ba“b+—b \E%x“—\gﬁ”)]Jr

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

3 51 \/5 ul\ | apsndf}
&‘u(\/—g[\/;l — 396% D— chiral U(1) anomalies

Possibly also QCD type

Eqs of Motion for b-field > dj ( v—8 8“b(x)) — “chiral U(1) anomalies”

Scale factor a(t) ~ T Possibly also QCD

chiral U(1) anomaly terms

Bossingham, NEM,
Sarkar (2018)

Viewed as sufficiently slow varying to induce Leptogenesis



Dark Enerqy

The Parts

(\\r MV\M LMS ; v PRI &L
vacuum model St Ping é""‘"‘k&i{f@s
EjPéN} va‘:f’ﬂ&g{l ono
Xtons & & Plhag
o+
Iray:, Tl
03‘.‘35()“ QVC’E;QEEQA(:t
Mqves al
Lorentz- ‘&0‘*‘%
Violating \(&&V\’ X
Le P EOSE’LV\QS Ls b MLﬁQL C)QO\,C‘S@ R ‘V()\'\'
& ¥ %\.O&.‘«O“ \Y‘*O\ ot
makter- % b &(O (,\”')&&9
antimatter T L o oo
Asymnaekr exker® Ol
'.? j LoWS NS
.LV\%LQ o {/0



The Parts

Dark Enerqy

(Mrunning | o
vacuum ,\',““Odei' gr S@'réhsj ér&ﬂ&ﬂth&s
EjPe ) : Qvt,f-qé‘;_ Shay P A
X:Ohg 9 “ ‘:’hcnrc(
: Favg ta
<s

Lorentz-%
\fial.a?:ing
Leptogenesis
&
matbter-
antimakter
A svmmef:rj




Lorentz- & CPT-Violating

Leptogenesis >

J; 2 Baryogenesis

in models with Massive
Right-handed Neulrinos




Early Universe
T>> Tew

NEM, Sarkar,
+ de Cesare, Bossingham

L =iN@N — _”;_(\—f\ + NN¢) — NBy°N — YiLiéN + h.c.

Heavy RHN interact with axial constant background

with only temporal componentBo #0 By, = Mp_]‘ 36“0




Early Universe
T>> Tew

| —
m
W

NEM, Sarkar,
+ de Cesare, Bossingham

L =iNgN — ’%(FN +NN°) — @ — YiLidN + hec.

Heavy RHN interact with axial constant background

with only temporal componentBo #0 By, = Mp_]1 Zﬁug

subleading (~ T?) chiral U(1) anomaly terms

swf&«ciam&tv slowly varying during
leptogenesis (brief) epoch >
Approximately constant Bo-background




NEM, Sarkar,
+ de Cesare, Bossingham

Early Universe AT TR ) i
T>> Tew L =iN@N - —-(N°N + NN*) - —YiLkéN + h.c.

Heavy RHN interact with axial constant background

with only temporal componentBo #0 By, = Mp_]1 Zéuo

Eﬂ subleading (~ T?) chiral U(1) anomaly terms

swf&«ciehﬂv slowly varying during
leptogenesis (brief) epoch >
Approximately constant Bo-background




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

Early Universe YT e —
T>> TEW L =1iN (?.'\' . ?(A‘cf\' + N A‘C) — N B’}" N h.c.

Heavy RHN interact with axial constant background

with only temporal component Bg # 0

Produce Lepton asymmetry e

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

N —IlT¢ N —I1"¢ ,
fr B Y|? m? Q + By r. _ Z Yi|2m?Q— By CPV& A
1_;3%299—80 F 127 2,392 0 Q+ B LV

Bo#0

\ Q= /B3 + m




L =iNgN — — NN "NN°) CNB~+N — YiLrdD + h.c.
2 \

Constant B, Background

Early Universe  CPT Violationre
T >> Tew ke Y

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 =iNJgN — %’(FN MY Ne) KNB+*N — YiLidD + h.c.

i . . Constant B, Background
Early Universe  CPT Violationre =
T>> Tew ®

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

Ny — ¢/, @

Produce Lepton asymmetry

STANDARD
SPACETIME

)

i i

One species of 3
RHN suffices @ ,- \

NONSTANDARD . .
SPACETIME Fukugita, Yanagida,







Starting from an anomalous gravitational theory, which arises
in the low-energy limit of string theory (The WHOLE), we have shown:

(i) how the (totally antisymmetric) Kalb-Ramond torsion in (3+1)-dimensions
is equivalent to an axion-like field

(ii) how spontaneous LIV and CPTV can arise from condensation
of gravitational waves, which in turn leads to condensation of
the anomalous gravitational CP-violating Chern-Simons terms
in the action.

(iii) how these considerations lead to a consistent cosmology of “‘running
vacuum model (RVM)”, leading to:

(a) inflation without inflatons,

(b) LIV & CPTV Leptogenesis in this non-Riemannian
geometric setting at post inflationary epochs.

(c) RVM Cosmology at modern eras - observable deviations from ACDM
Resolution of cosmological data tensions?



Cosmic

Time

forward direction

\4

V

Cosmological (stringy RVM) Evolution: the Whole & its Parts

No initial singularity
(stringy reasons- higher curvature terms)

RVM: Inflationary (de Sitter):Phase

it
Gravitational
anomaly (GA)

—

Undiluted constant )
KR axial backround

Primordial
Gravitational

Waves

eptogenesis induced by —
RHN (tree-level) decays

pontaneous Lorentz and CPT Violation

-

Matter Era axion Dark matter

RVM-type
Running Dark Energy

Modern de-Sitter Era




Cosmic

Cosmological (stringy RVM) Evolution: the Whole & its Parts

Time No initial singularity

forward direction

\4

—

(stringy reasons- higher curvature terms)

RVM: Inflationary (de Sitter):Phase

-
Primordial Gravitational
Gravitational anomaly (GA)

Undiluted constant )
KR axial backround

3 Paraphrasing
C. Sagan:

we are
anomalously
made of star

Waves

eptogenesis induced by —

RHN (tree-level) decays

pontaneous Lorentz and CPT Violation

-

Matter Era axion Dark matter

RVM-type
Running Dark Energy

Modern de-Sitter Era




Cosmic Cosmological (stringy RVM) Evolution: the Whole & its Parts

Time No initial singularity
(stringy reasons- higher curvature terms)

. : Undiluted constant
RVM: Inflationary (de Sitter):Phase KR axial backround

Primordial Gravitational
Gr
Wi | 19 Paraphrasing

iﬂ - C. Sagan:
I Can be shown that

that stringy RVM
: characterizes also

H Z . g

& 4 post inflationary

prom(H) =3My (CO T (MPI> era but with v >0
(e.g. due to cosmic

2 e/m field contributions)

&N Basilakos, NEM,
Sola
RVM-type
Running Dark Energy

| =
S
e
(8
Q
o
©
O
o
3
| .
S




Cosmic Cosmological (stringy RVM) Evolution: the Whole & its Parts

Time No initial singularity
(stringy reasons- higher curvature terms)

. : Undiluted constant
RVM: Inflationary (de Sitter):Phase KR axial backround

Primordial Gravitational
Gr |
Wi | 19 Paraphrasing

C. Sagan:
| Distinguishing feature from ACDM » °

Alleviate current-epoch data tensions [ Can be shown that
that stringy RVM

characterizes also
post inflationary
era but with v >0
(e.g. due to cosmic
2 e/m field contributions)

-3
0< v = ‘
1% 0(10 ) Basilakos, NEM,
X —— —~ Sola
¢ ~ 10712 Mf4>1 4
RVM-type
Running Dark Energy

| =
S
e
(8
Q
o
©
O
o
3
| .
S

K2




Gomez-Valent, Sola

Consistent with cosmo data |
0< v =0O(107")
O(107%) < B SO(1).

3
S CO ~ 10—122 Mfl)l

Not dominant today

Ruhning RVMm
Dark Energ



https://fr.wikipedia.org/wiki/Fichier:Xmark01.svg
https://creativecommons.org/licenses/by-sa/3.0/

Basilakos, Tsiapi Sola, Gomez-Valent,

(Planck data 2015) Cruz, Moreno-Pulido,
Planck 2018

Alleviation of the Sg, 03 tension by RVM model

I /\COM

Bl type-l RRVM
H type-l RRVMy,
Bl type-ll RRVM

/\
£
/ \\
/vv‘,/ <55 ) 5 ! 1 7 / / \
:l‘.\ B ': — ":‘L.’.l"" ") / \\ \\
0.75 0.80 0.72 0.76 0.80 0.76 0.78 0.80 0.82 68 70 72

Og Ss Ss Ho (km/s'Mpc)



Basilakos, Tsiapi Sola, Gomez-Valent,

(Planck data 2015) Cruz, Moreno-Pulido,
Planck 2018

Alleviation of the Sg, 03 tension by RVM model

H /\COM
B type-l RRVM
Il type-| RRVMp,,

CE type-ll RRVM D

N\
[\
f \\
0.75 0.80 0.72 0.76 0.80 0.76 0.78 0.80 0.82 68 70 72

Og Ss Ss Ho (km/s'Mpc)



NB: Type Il RVM: mild (e.g. logarithmic)
dependence of Gravitational “*constant”

K2 = K2(H)
| AH) 3 A v =0(1073)
A " = - e
Prvm(H) = T T | (CO +HvH" QH?) O(107%) < a SO(1)
%CQ ~ 107122 M,




STRINGY RUNNING VACUUM MODEL & RVM type Il NEM + Sola (2021),
NEM

Implemented in stringy RVM via graviton quantum

fluctuations which result in In(H) corrections in
coefficients v & a in the effective potential of (one-loop) QG
but not k(H) > difference from type Il RVM

Alexandre, Houston
NEM (2014)

NB: Type Il RVM: mild (e.g. logarithmic)
dependence of Gravitational “*constant”

K2 = K2(H)
; AH) 3 A v =0(107%)
rvm(H) = 7 TR (CO +vH + aF}) O(107%) S a $O(1)

3 _
— o = 10 122 prg,




Cosmic

Cosmological (stringy RVM) Evolution: the Whole & its Parts

Time No initial singularity

forward direction

\4

—

(stringy reasons- higher curvature terms)

RVM: Inflationary (de Sitter):Phase

-
Primordial Gravitational
Gravitational anomaly (GA)

Undiluted constant )
KR axial backround

3 Paraphrasing
C. Sagan:

we are
anomalously
made of star

Waves

eptogenesis induced by —

RHN (tree-level) decays

pontaneous Lorentz and CPT Violation

-

Matter Era axion Dark matter

RVM-type
Running Dark Energy

Modern de-Sitter Era




Cosmological (stringy RVM) Evolution: the Whole & its Parts

Cosmic
Time No initial singularity
(stringy reasons- higher curvature terms)
: : Undiluted constant
RVM:Inflationary (de Sitter) Phase KR axial backround
Primordial Gravitational
Gravitational
Waves
c
O
G :
o OUTLOOK: (i) Incorporate other
S model-dependent stringy
© axions 2> Axiverse
S Interesting Cosmology
3 Leptogenesis induced by
q’c} RHN (tree-level) decays (eg MGTSh 2015)
Spontaneous could be ultralight - AION etc
Matter Era axion Dark matter
Modern de-Sitter Era RVM-type
\/ Running Dark Energy




Cosmological (stringy RVM) Evolution: the Whole & its Parts

Cosmic
Time No initial singularity
(stringy reasons- higher curvature terms)
: : Undiluted constant
RVM:Inflationary (de Sitter) Phase KR axial backround
Primordial Gravitational
Gravitational anomaly (GA)
Waves
c
R 3
"g OUTLOOK: (ii) Look for imprints of the
'-'3 v LV & CPT KR axial background in CMB
. in early eras.
§ Leptogenesis induced by
q’c} RHN (tree-level) decays
Spontaneous Lorentz and CPT Violation
Matter Era axion Dark matter
Modern de-Sitter Era RVM-type
\/ Running Dark Energy




Cosmic

Time

forward direction

No initial singularity
(stringy reasons- higher curvature terms)

RVM: Inflationary (de Sitter) P-.~

Primordial Gravitational
Gravitational anomaly (GA) Z

Cosmological (stringy RVM) Evolution: the Whole & its Parts
Undiluted constant
KR axial backround
Waves -
o :

OUTLOOK: (iii) Can we also get evidence of
v < 0 coefficient of H2 during RVM inflation?

. PPN Py
MG IOSRt\r/ll?/[g = 3M§1 |: — 1.7 x 10_3(f) + 0(107)( ) :|
@ Mp, Mp,

Leptogenesis induced by
RHN (tree-level) decays

Spontaneous Lorentz and CPT Violation

Matter Era axion Dark matter

Modern de-Sitter Era RVM-type
Running Dark Energy




Cosmic Cosmological (stringy RVM) Evolution: the Whole & its Parts

Time No initial singularity
(stringy reasons- higher curvature terms)

Undiluted constant
\Vile Y : 2 .
Primordial Gravitational
Gravitational anomaly (GA) Z

Waves -
W o’ AN
OUTLOOK: (iv) Possible Effects of
stringy axions with periodic (instanton-induced)
potentials in abundant production of
\ primordial BH during RVM inflation
& effects on GW spectrum?

NEM, arxiv: 2111.05675, Universe to appear
Leptogenesis induced by

RHN (tree-level) decays

forward direction

Spontaneous Lorentz and CPT Violation

Matter Era axion Dark matter

Modern de-Sitter Era RVM-type
v Running Dark Energy




Cosmic
Time No initial singularity
(stringy reasons- higher curvature terms)
RVM: Inflationary (de Sitter):Phase

Primordial Gravitational
Gravitational anomaly (GA)
Waves

c

2

-

O

Q

=

©

O

—

o

3

—

S

Modern de-Sitter Era
\ 4

Cosmological (stringy RVM) Evolution: the Whole & its Parts

Undilut-

axion Dark matter

RVM-type
Running Dark Energy






The Parts

Dark Energy
(“mwmmg
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CPTV Thermal |

Early Universe

L =iN@N — ?m(ATN + NN¢) — NB~+°N — Y LiéN + h.c.
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light neutrino masses in SM +
stability of Higgs vacuum
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Similar order of magnitude estimates Bossingham, NEM,

if B°~ T2 during Leptogenesis era Sarkar
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GENERIC REMARKS ON GENERAL RELATIVITY

1 A
R v < g 1Y R — 87TG (Tmatter _I_ g 1 )
H 9 H 1% H T(}
G = FL_CQ Mp = 1.22 x 1019 GeVe 2 (3+1)-dim Planck mass
Mg’ '

1/v8m G = Mp) = reduced Planck mass



GENERIC REMARKS ON GENERAL RELATIVITY

0
R — 5 9 B = 87G (T + g,

B hc
_Mg’

Mp = 1.22 x 10" GeVe 2 Vacuum energy density

1/v8m G = Mp) = reduced Planck mass

G



GENERIC REMARKS ON GENERAL RELATIVITY

1 matter A
Ry — 5 Guv 11 = STG (T ™™ + Gy %)
G = ]\Z—E Mp = 1.22 x 10*° GeVe 2

1/v8m G = Mp) = reduced Planck mass

total stress-energy

A
[Tm/ =pguw + (p+p)U, U, = Tﬁatter —I—g% tensor, including

vacuum terms

p = energy density, p = pressure density
U, = observer’s velocity w.r.t. cosmic frame A

V#T,, =0 energy — momentum density conservation
®




GENERIC REMARKS ON GENERAL RELATIVITY

1 matter A(t)
RMV_igMVRZSﬂ-G(T,UJV —I—g,u,/ 87TG)
G = ]\Z—E Mp =1.22 x 10* GeV¢ ™2

1/v8m G = Mp) = reduced Planck mass

JA(t)] total stress-energy
[Tuu =pGuv + (p+p0)U, U, = Tﬁa’tter _Fq%W 8] tensor, including

vacuum terms

[Running vacuum: A > A(t) cosmic-time dependen’r]

V#T,, =0 energy — momentum density conservation A



RUNNING VACUUM MODEL (RVM) for the UNIVERSE | Shapiro + Sola
Sola + ...(2000)

Vacuum energy density assumed de Sitter like but with time-dependent Cosmological
parameter A(t) : % 5 - 3
prvm(t) = A(t) /K k= V81G = Mp,
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

R\ M(t) 1
dlnH2 ~ (4n)?

HG
;;B @ MZH? + biH* + O3z )

general covariance -
even powers of #



RUNNING VACUUM MODEL (RVM) for the UNIVERSE | Shapiro + Sola
Sola + ...(2000)

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

parameter A(t) : % 5 - 3
prvm(t) = A(t) /K k= V8rG = Mp,

A(t) Also in non-critical strings
p(t)rvM = IORVM(t) Ellis NEM Nanopoulos (‘98)

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

R\ M(t) 1
dlnH2 ~ (4n)?

HG
;;B @ MZH? + biH* + O3z )

general covariance -
even powers of #



RUNNING VACUUM MODEL (RVM) for the UNIVERSE | Shapiro + Sola
Sola + ...(2000)

Vacuum energy density assumed de Sitter like but with time-dependent Cosmological
parameter A(t) : % 5 - 3
prvm(t) = A(t) /K k= V81G = Mp,
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

R\ M (t) 1

> |aMZH? +bH +O0(353 - )

dlnH2 T (am)? o M?
1 Sola, Gomez Valent ...
Relevant for Cosmological observation/phenomenology up to and including H# A
. 1 v =0(10"3
Aon(H) = 2 = = (‘30 s +“ZIZ) 010 < a s(,ou;
T 3 122
Total energy: ptot.al s PﬁVM 1 pdust. 4 pradlatlon ) co ~ 107122 M|




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

+ .. (2013 - 2018)

W = Pm/Pm m =matter, radiation

VET,, =0 » pm +3(1 +w)Hpm = —prym

o i -
H+ (1 +w)H? (1—V—C—O—aH—) =




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

+ .. (2013 - 2018)

W = Pm/Pm m =matter, radiation

VET,, =0 ’ pm +3(1 +w)Hpm = —prym

: 2
i S s (10— oD -

H? H12
Solution 1 — 1/2 H
H(a) = ( o V) VD a3(1—u)(ll+wm) ey
D >0

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

(unstable)

W = 33

Late dark-Energy H2(a) — {2 [Qmo a—3(1-v) 4 QAO]

dominated era QA(): dominant
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Basilakos, Lima,
Cosmological Evolution of RVM Sola + Gomez Valent

+ ... (2013 -2018)
W= Pm / Pm  m = matter, radiation

VAT, =0 WP fmt3(l+w)Hpm = —prym

: 2
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N Current phenomenology
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RUNNING VACUUM MODEL (RVM) for the UNIVERSE ghfpiro *+ Sola
ola + ...

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

Relevant for Cosmological observation/phen

. A(H 3
prvm(H) = (- - (CO+VH2

K2 K2

enology up to and including H#
v =0(1077)
010" < a <0(1)
3

-2 - _ ~ —122 4
Total energy: ptot.al s ij\{VM +pdust. 4 pradlatlon 5 co >~ 10 Mp,




RUNNING VACUUM MODEL (RVM) for the UNIVERSE Shaplro + Sola

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

> includes scalar d.o.f. (2019-20)
anomaly condensate”’
Relevant for Cosmological observation/phenomenology up to and including H#

, A(H) 3 H* v =0(107")

A » 2

rvmlF) === =13 (CO Ak +OH2> 0107 < a < O(1)
. ftotal .. . A dust radiation i co >~ 10~ 122 MPI

Total energy: o™ =prvm +p +p K2




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

NB: In generic running vacuum the
coefficients v and a are constant
and positive throughout the evolution

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

Basilakos
includes scalar d.o.f. NEM, Sola

““anomaly condensate’’ (2019-20)
bgology up to and including H#

, A(H) 3 H* v =0(107")

A > . 2

pR\"'I\'I(H) _ I‘{.Q - h2 (CO + VH -+ OH;) 0(10—4) SJ o SJ 0(1)

T I . total .. - dust radiation i co >~ 10~ 122 MPI
otal energy: p~ " = prym +p TP K2




IN THIS TALK

NB: In string-inspired running vacuum
the coefficients v and a are not constant

throughout the evolution:
Inflationary phase: v< O, a >0
post inflationary phases: v>0 , a >0

Dominant in early Universe - drives inflfftifon Basilakos,

- no need for external inflatons Lima ,Sola + ...
! Basilakos
includes scalar d.o.f. NEM, Sola

““anomaly condensate’’ (2019-20)

Relevant for Cosmological observationgifenog@gology up to and including H*

. A(H 3 H*
pi\{\".I\I(H) — ( ) — (Co+I/H2 + Q= )

K2 K2 H f




