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2. Topological Invariants
In
Gravity theories



Topological invariants (total derivatives) in (3+1)-dimensional (curved) space-times
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Topological invariants in string-effective gravity theories

« Gauss Bonnet coupling to dilatons (spin-0 scalars of string
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« Gauss Bonnet coupling to dilatons (spin-0 scalars of string
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Topological invariants in string-effective gravity theories
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Topological invariants in string-effective gravity theories

« Chern-Simons coupling to axions (pseudoscalars) a(x)
(string-model independent axions (dual in (3+1)-dim to
the field strength of Kalb-Ramond antisymmetric (spin-1)
tensor field) as well as axions from string compactification)
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3. String-Inspired Gravitational
Theory with
Torsion & Grav. Anomalies,
axions and torsion
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Effective Actions & Anomaly Cancellation — Addition of Counterterms

Green, Schwarz ]
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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
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Fermions and (generic) Torsion

Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)
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The Model
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Gravitational Anomalies & Diffeomorphism Invariance
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Gravitational Anomalies & Diffeomorphism Invariance
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Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation
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Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation
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4. Primordial Gravitational
Waves, Anomaly condensates
— The role of
Supersymmetry



The Model in Early Universe:
only gravitational d.o.f. (b, g,,) |—22(2019-20)
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The Model in Early Universe:
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No potential for KR axion before generation of GW

> stiff-matter, equation of state W=+1
—>stiff-axion-matter dominance
during very early (pre-inflationary)
Universe
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Collapse/collisions of Domain walls formed in (2020)
theories with (approximate) discrete symmetry
breaking, e.g. via bias in double-well potentials of
some condensate (gravitino ¢, or gaugino)
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The Model in Early Universe: |
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First hill-top
inflation SUGRA broken dynamically
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 \
)
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Ellis, NEM

Alexandre,
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4b. Spontaneous Lorentz &
CPT Violation
by axion backgrounds
and
RVM Inflation



The Parts
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The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)
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V=9 K* (W') 7!

Effective action contains CP violating axion-like coupling /

_ I 2o /
Sp = / d'y/=g| = 55 R+ 50,6 + \gi‘ (@) (R B2

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

(ii) deduce RVM vacuum behaviour
and

(iii) Inflation is obtained self consistently from RVM evolution



Effective action contains CP violating axion-like coupling

Seff:/d‘*n/_[——}u 0,b b +
\

/

ds® = dt* — a*(t) [(1 — hy(t,2))da?
+ (]. + he_|_(t_, Z)) d’y2

- + 2hy (t, 2) dz dy + d=°

= proper number density of

sources of GW(assumed of O(1))

V2o

96 r/3%) (R’“’P" we

/ ou (V=9 K (w))

Average

over inflationary
space time in the
presence of
primordial

Gravitational waves

b(x)=b(?)

Alexander, Peskin,
Sheikh -Jabbari

/ M = UV k-momentum Cut-off
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H = const.
(inflation) a(t) ~ e''t
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Solutions (backgrounds) to the Eqs of Motion
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time evolution of Anomaly

M = UV k-momentum Cut-off
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Solutions (backgrounds) to the Eqs of Motion
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= proper number density of
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time evolution of Anomaly

M = UV k-momentum Cut-off
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0
¥ = const.

o 1/2
]\;S ~ 15 (n*)—1/4 ( Pl)

—4 to ensure constant anomaly
Planck D -
anc ata H/MPI < 10 p = 0(103 (n*)-1/4) Ms < Mplanck
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Solutions (backgrounds) to the Eqs of Motion
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Solutions (backgrounds) to the Eqs of Motion
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Solutions (backgrounds) to the Eqs of Motion
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: . If n* of O(1)), otherwise M; free
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during inflation,
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Solutions (backgrounds) to the Eqs of Motion
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Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

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

Positive total energy density since A-term dominates

H

2
Protal = Py + pgcs + pa = 3M, [— 1.7 x 10—3(—) + (1.17 _ 1.37) x 107 (i)‘*] >0
Mpl MPl
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Gravitational Anomaly Condensates - Dynamical Inflation ]

NEM, Sola |

_ Positive

A = (b(z) R, 0 R*7P°) ~5.86 x 10" e N H* > (0 Cosmological
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Positive total energy density since A-term dominates

H

2
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Dark Enerqgy Equation of state :

“ruh\:\i:‘\';ﬂdei O > Pp+ Pgcs = - (Pb + Pgcs ) cf. phantom ““matter”
vaCuum

(RVM) Evpe”) 0 < pr=-p» 2 dominates =2

O < Pp+ Pgcs+ Pr = - (P + Pgcs + Pr) frue RVM

vacuum
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Gravitational Anomaly Condensates - Dynamical Inflation \
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NEM, Sola
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Constant-like

2
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Equation of state :

Dark Ewnergy

“ru“v:\izgdel O > Pp+ Pgcs = - (Pb + Pgcs ) cf. phantom ““matter”
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Gravitational Anomaly Condensates - Dynamical Inflation ’
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Positive

—

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

Constant-like

Positive total energy density since A-term dominates

2
Ptotal = Pb + PgCS + PA = 3M1€1,1 [— 1.7 x 1073 (i) +1.17 — 1,37) % 107 (1)4 ;
MPI Mp]

RVM-like terms
Dark Energy drive inflation
“runiaing contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bul slow roll is due ko the KR axion field € 1 1 52 ~ 1072

2 (HMpy)?



5. Running-Vacuum Model
Cosmology -
Inflation
without external inflatons



The Parts Shapiro + Sola

Sola, ...
Dark Enerqy B
(“running =K 2A—|—61H2 —|—62H4—|—...
vacuum model l‘i_2 A /

(RVM) bype’™

c1 = 3vk™2, ¢g = 3ak ™2 HI_2,

A =3¢ H; ~ 107 °k~ ! (current pheno)
Vacuum energy density assumed de Sitter like but with time-dependent Cosmological

parameter A(t) : A 0 .
prvm(t) = A(t) /K k= V8rG = Mp,
() v = — Py (£)

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

dpgvm(t)_ 1 22 oA H®

general covariance -
even powers of #




The Parts Shapiro + Sola
Sola, ...

Dark Enerqy
“running
vacuum o del

(RVM) bype’™

=2 ¢g = 3ak"? HI_2,
. ~ 107°,! (current pheno)
Vacuum energy ds ~, ne-dependent Cosmological

dl)g\m (t) 1 A2 172 74 H®
dlnH2 (47{)2 'izzsz |:0;:A:[i H -+ sz -1 O(A_[E):l

general covariance -
even powers of #



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

+ .. (2013 - 2018)

W = Pm/Pm m =matter, radiation

VAT, =0 WP pmt30+w)Hpm =Ry

. 3 9 Co H?
Solution 1 — 1/2 H
H(a) = ( o V) VD a3(1—u)gl+wm) 11
D >0

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

(unstable)

w=1/3

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

dominated era QA(): dominant
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W = Pm/Pm m =matter, radiation
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Solution 1— )\ /2 H
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Basilakos, Lima,
Cosmological Evolution of RVM | sola + Gomez Valent

+ .. (2013 - 2018)

W = Pm/Pm m =matter, radiation

VAT, =0 WP pmt30+w)Hpm =Ry

. 2
i+ 30 s (120 £ —alD) -

H? H 12
Solution 1 — 1/2 H
without H(a) = ( V) !
fundamental Qv VD a3(1—v)(1+wn) 4 1

inflatons A D >0

Early de Sitter at(1-v) « 1 |:> H? = (1 — v)H?/a

(unstable)

Radiation Da4(1_u) > 1 |:> H2 ~ a3(1—V)(]/_—|—wm) ~ a—4
w=1/3

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

dominated era QA(): dominant



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

2
Protal = Pb + PacsS + pa =~ 3Mp, [— 1.7 x 1073 (i) 181.17 — 1,37) % 107 (1)4 ’
MPI Mp]

RVM-like terms
Dark Energy drive inflation
(Mrunning contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bkl slow roll is due ko bhe KR axion fleld € ~ l 1 52 ~ 1072

2 (HMpy)?
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Cannot obtain such terms ¢
in ordinary Quantum Field Theories oo™

You need the condensate of <V Vol 52

. . ik 0\;\&¢ C‘Q .\’@(
the gravitational anomalies Ple a‘s\‘ o
which have CP-violating couplings k‘;\ oS

with the gravitational axions

H

2
Protal = Pb + Pgcs + pa = 3Mp, [— 1.7 x 1073 (—) +
Mp)

1.17 — 1.37) x 107(Mi)4 ‘
Pl

RVM-like terms
Dark Energy drive inflation
(Mrunning contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bul slow roll is due ko the KR axion fleld € ~ l 1 52 ~ 1072

2 (H Mp))?



Gravitational Anomaly Condensates - Dynamical Inflation ’

Basilakos, NEM, Sola ]

Positive

—

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

Constant-like

RVM-like terms
Negative coefficient v < O drive inflation
A due to CS anomaly contain scalar d.o.f.
in early Universe, unlike from the anomaly
late-era RVM condensate
Bul slow roll is due ko the KR axion fleld € ~ l 1 52 ~ 1072

2 (HMpy)?



Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

Positive

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

Constant-like

Positive total energy density since A-term dominates

H

2
Protal = Py + pgcs + pa = 3M, [— 1.7 x 10—3(—) + (1.17 _ 1.37) x 107 (i)‘*] >0
Mpl MPl

RVM-like terms

drive inflation
contain scalar d.o.f.
from the anomaly

condensate

-2
Bl slow roll 5 due to the KR axion field € l 1 b ~ 102

2 (HMpy)?




Axion Monodromy like potentials NEM, Universe 7 (2021) 12, 480,

m & deviations from scale invariance e-Print: 2111.05675 [hep-th]

~

Anomaly condensate > linear axion potential Vg > (R, ,0 R'77) b(x)

approximately de Sitter provided during the duration of inflation A

b(t) = b(0) + 0.14Mp H tepg ~ b(0) order of magnitude

<0 N=e-folds beginning
of inflation

B(0)] > O(10) Mp,  comemaresa™

Slow running of db/dt can be constrained by data



Solutions (backgrounds) to the Eqs of Motion

/ ) /
ot [\/—g(c9al_)—\/ggzx1/“(t))] =0 = [E= gglefowconstant}

Undiluted KR axion background
at the end of Inflation

@en_d of .
Lr::atlonary b ~ vV 28Mp1 H ~ 0. l4Mp]H

H = H;,q ~ const.



Solutions (backgrounds) to the Eqs of Motion

/ ) /
ot [\/—g(aal_y—\/gg(;xl’a(t))] =0 = [E= ggle/owconstant}

Undiluted KR axion background
at the end of Inflation

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

H = H;,q ~ const.

| Important for Leptogenesis @ radiaktion era




6a. Post Inflationary Eras
Cosmic Evolution
~ ofthe stringy RVM



Post-RVM-Inflation Eras & Evolution

8\
NEM,Sola
/N EPJ-ST
H p}ill—mp (2020)
b .
Ini;l:II::ion‘ KR axion
dominance
Sti GW + Anomalies
Stiff-matter domi
Era ominance
RV M-inflation ?
|
9 o

2 a(t)



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)

N
NEM,Sola
EPJ-ST
Hill-top . (2020)
(first) KR axion Chiral matter
Inflation. domi Generation + cancellation
ominance .
Saff GW + Anomalies of grav. Anomalies
E';a“er dominance / NEM, Sarkar
Leptogenesis = Baryogenesis
RV M-inflation ptog ryog + De Cesare!

(LV + CPTV KR axion backgrounds)

Radiation,
Marcter Current
De Sitter
Era
— S D WS WD e— —

Bossingham

=
Chiral anomalies a(t)
Remain in matter era

L KR axion mass generation through
QCD instantons (Dark Matter)



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

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

of matter and radiation (diffeomorphism invariance)

N
NEM,Sola
EPJ-ST
H Poireop , (2020)
(first) KR axion Chiral matter — —
Inflation. domi Generation + cancellation
ominance .
Seiff- GW + Anomalies f grav. Anomalies
Eraccer dominance Lot — . NEM, Sarkar
) _ eptogenesis aryogenesis +
RVM-inflation (LV + CPTV KR axion backgrounds) De _Cesare’
Bossingham
Radiation,
w Current
De Sitter
Era

Chiral anomalies
emain in matter era

KR axion mass generation through
QCD instantons (Dark Matter)



“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 Karl Heisenberg
German Scientist & Nobel Prize
1901-1976

S&rthgyR\IM
Cosmobos t.cal

The Whole

Werner  DerTeil

Heisenberg und
das Ganze

Gesprdche im
Umkreis der
Piper  Atomphysik



Cosmic Summary of (stringy-RVM) Cosmological Evolution

Time Big-Bang, pre-inflationary phase (broken Sugra) Basilakos, NEM, Sola
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Primordial
Gravitational |:>

Waves

From a pre-inflationary

S| era after Big-Bang chiral matter
5 generation
2| | Radiation Era @ inflation exit
©
3 i
©
£ By o< T wlatlon of M _—
3 Leptogenesis induced by + De Cesare,
q’<:> RHN (tree-level) decays Bossingham

— — T
N[ — ¢ K , ¢ K AL In the (approx.) constant LV + CPTV background B)u = MP] b5p‘0

B-L conserving sphelaron processes = Baryongenesis

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

forward direction

Summary of (stringy-RVM) Cosmological Evolution

Big-Bang, pre-inflationary phase (broken Sugra) Basilakos, NEM, Sola

RVM Inflationary (de Sitter) Phase
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Primordial
Gravitational
Waves
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From a pre-inflationary
era after Big-Bang

KR axial backround
~ B, =

Gravitational
anomaly (GA) ]

b~ 2eMp H ~0.14 Mp H

chiral matter
generation

Radiation Era

@ inflation exit

B-L comse

Matter Era

P
Cancellation of GA
L NEM, Sarkar
eptogenesis induced + De Cesare,

RHN (tree-level) decays

I_>$£7

Bossingham

dl AL

fron processes = Baryongenesis

the (approx.) constant LV + CPTV background B,u - MP_ll 55“0

Possible potential (mass) generation for b - axion Dark matter



Cosmic
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generation
Radiation Era @ inflation exit
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Leptogenesis induced by

RHN (tree-level) decays
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N[ — ¢ K , ¢ E AL In the (approx.) constant LV + CPTV background Bll — MPl b6“0

B-L conserving sphelaron processe Barvongenesi

atter Era Possible potential (mass) generation for b - axion Dark matter
Chiral anomalies @ QCD era (instantons)
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Cosmic
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Summary of (stringy-RVM) Cosmological Evolution

Time Big-Bang, pre-inflationary phase (broken Sugra) Basilakos, NEM, Sola

forward direction
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Summary of (stringy-RVM) Cosmological Evolution

Time Big-Bang, pre-inflationary phase (broken Sugra) Basilakos, NEM, Sola

forward direction

Undiluted constant
KR axial backround

RVM Inflationary (de Sitter) Phase

Primordial Gravitational a1
Gravitational |:> anomaly (GA) |:> Bli o MPl b6ﬂo
W -
aves b~\2eMp H ~0.14 Mp H

chiral matter

generation
Radiation Era @ inflation exit
By T3 wlation of%
Leptogenesis induced by . .
RHN (tree-level) decays Consistent with current
_ Y bounds on LV & CPTV
%
N — q/)E, ¢ 4 By < 102 eV,
B-L conserving sphel Néed ko uMciET’s &th B, <1022 eV

Modern Era belbber

Dark matter

k‘ - - -
; — 1 H,~ 1042 GeV
- | ] b N 28,M A‘ ~ ? ~ -
Modern de-Sitter Era &8 A resurfacin today Pl =~ 100 My~ 1032 eV




6b. Modern Era
. 5
- Cosmological data
Tension(s)

potentlal alleviation
by the stringy RVM




Basilakos, Lima,

m Cosmological Evolution of RVM ] Sola + Gomez Valent
+ ... (2013 -2018)

W = Pm/Pm m =matter, radiation

VAT, =0 WP pmt30+w)Hpm =Ry

. 3 9 Co H?
Solution 1 — 1/2
H(a)z( V) VD a3 If{l-l- ) 11
Qv —v W
¢ T D>o

Early de Sitter Dg4(1-v) &« 1 :> H? = (1 — v)H?/a

(unstable)

Radiation Da4(1_u) > 1 |:> H2 ~ a3(1—1/)(]_—|—wm) ~ a—4
w=1/3

Late dark-Energy\ 2, \ _ 12 | & —3(1-v) | ¢ ~ .
H{a) = Ho [Qmoa T€o] Oy dominant




Gomez-Valent, Sola |

; Fik
Cosmological

— co ~ 10712 M3,

,{2
Co +v(ﬂ)2+ﬂlié‘), > 0.
0\ Mp, M,

Not dominant today

R Running RVM
b i i / gx ‘ ~ Dark Eherg



Gomez-Valent, Sola |

; Fik
Cosmological

2
o) BT >0 |
4PI .
o | TZMV\V\EMS VM Not d‘lenant today
- ‘ / i".‘ ~ Dark Enerqg AN |




Goémez-Valent, Sola

0
quMV\w\ VM Not domlnant today
\ Dark Ev\e_rgz {




Gomez-Valent, Sola |

 Tensions
7 : .DO\EQ; Q‘S‘ -




The HO tension

We have two different

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

tension with each other:

WMAPG =

Planck TTTEEE 4+ lowTEB 2015 4

. CMB (WMAP, P|aan, Planck TTTEEE + SIMlow 2016 - 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 |
B Priors 1

B 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=Hy/100 =

reduced Hubble constant)
Sg = 03v )y, /0.3

A tension on S8 is present between the Planck data in the ACDM scenario
diBcaseslicata, Joudaki et al, arXiv-1801.05788

S8 tension

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

DES lensing I
Planck lensing
DES lensing+ Planck lensing I
Planck TT,TE,EE+lowE [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. L . .
P ey J The S8 tension is at about 2.6 sigma level between the Planck data in the

ACDM scenario and CFHTLenS survey and KiDS-450.



Sola, Gomez-Valent,
¥ \ens\tog‘je De Cruz Perez, Moreno-Pulido,
no
a‘fs,‘a\-\s\\os (Planck 2018 data)

' Alleviation of the H,, og tension by RVM model

B /\CDM
B type-l RVM

Bl type-l RVMup,
Bl type-ll RVM

0.75 0.80 0.72 0.76 0.80 0.76 0.78 0.80 0.82 68 70 72
Og Sg Sg Ho (km/s/Mpc)




px (¢ + colnH) H? +

Integrating out graviton flcts

NEM, Sola (2021) |

\

(Cg S0 C41I1H H*+ A

~
N
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Ho (km/s/Mpc)
~J
o
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(o2]
1

Almost-Type || RVM
in our stringy RVM
due to quantum-gravity
Corrections
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NEM, Sola (2021) |

Not Dominant Mefas.fable
today in strings

(Cg —+- C41I1H H4 4 /\/

Almost-Type || RVM
in our stringy RVM

Integrating out graviton flcts

px (¢ + colnH) H? +

Ho (km/s/Mpc)
~ ~
o N

[*)]
(o2]
1

due to quantum-gravity

Corrections

type-ll RVM

.\\
. G - Ve
/

~ N\

T~ /)

072 0.76
Ssg

0.80

0.76 0.78 0.80 0.82
Ssg

68 70 72
Ho (km/s/Mpc)



9. Conclusions
&
Outlook
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Deviations from ACDM
Resolution of tensions ?

Dark Energy %
(“runmning @ cﬂ,vo\vi«w""“&t

The Parts/the Whole

vacuum model Skriy, Lies %
¥ Iravit, 19 oYLt
(Q\JM) Ej‘pe )KR axion :;&?E"Q{lqt D
‘ ¢
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Cosmological (stringy RVM) Evolution: the Whole & its Parts

RVM Inflationary (de Sitter) Phase —

—

Cosmic
Time Pre RVM-Inflationary era
' Primordial
Gravitational
Waves
c
0
-
(S
o
"
©
ys)
o
3 eptogenesis induced by
q'c} RHN (tree-level) decays
Matter Era
Modern de-Sitter Era
\ 4

Undiluted constant ‘
KR axial backround

3 Paraphrasing
C. Sagan:

we are
anomalously
made of star

stuff !

pontaneous Lorentz and CPT Violation

f

axion Dark matter

RVM-type
Running Dark Energy




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

Cosmic
Time Pre RVM-Inflationary era
RVM Inflationary (de Sitter) Phase
Undiluted constant
Primordial KR axial backround
Gravitational
Waves :
c
.0
G :
® OUTLOOK: (i) Incorporate other
| 5 .
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
v Running Dark Energy




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

Cosmic
Time Pre RVM-Inflationary era

RVM Inflationary (de Sitter) Phase

Primordial
Gravitational
Waves

* LV & CPTV KR axial background in CMB
in early eras.

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




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

Cosmic
Time Pre RVM-Inflationary era
RVM:Inflationary (de Sitter) Phase
Undiluted constant
Primordial / KR axial backround
Gravitational anomaly (GA) Z
Waves
. OUTLOOK (iii) Can we also get evidence of
2 v < 0 coefficient of H2 during RVM inflation?
o H H \4
o ping 3 A | — 1.7 x 1073 (—— O(10”
= *@‘?’ RVM b - 17 (MPI) Ol )(Mpl) }
©
S
3 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
v Running Dark Energy
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Assume RVM models with almost | |
reheating; ‘ E

Instantaneous

prolonged re'he‘aﬁng‘ in_‘somé RVM models leads
to even more _enhanced primordia\ BH densities




World-Sheet Instantons, Axion Monodromy like potentials | NEwm, universe 7 (2021) 12, 480,
& deviations from scale invariance e-Print: 2111.05675 [hep-th]

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ“”pa> b(x)

approximately de Sitter provided during the duration of inflation

b(t) = b(0) 4+ 0.14Mp) H teng =~ b(0)  order of magnitude

<0 N=e-folds beginning
of inflation

B(0)| > O10) Mp  comreciorsa™™™



World-Sheet Instantons, Axion Monodromy like potentials | NEwm, universe 7 (2021) 12, 480,
& deviations from scale invariance e-Print: 2111.05675 [hep-th]

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ“”pa> b(x)

. ~, |2 Mp \4
V(b) ~ bi\é\/; 36 M2 =b— = bAS

Such a potential can also arise in appropriate brane compactifications

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

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

V;iln =aj(z) = J b A O Ap = 8.4 x 10~ Mp,. fo = axion coupling
a

canonical kinetic fp = (\/§ Mp, )_1 Fal9) o 10-0 Mpy

terms for a-axions 3 96 Mz



World-Sheet Instantons, Axion Monodromy like potentials NEP'V!, :jnzi:f;soesg 7(§°§1) 1t2h’ 480,
0 . c g e-Frint: 5 ep-
& deviations from scale invariance ! [hep-th]
NEM, Stamou, Spanos, gr-qc...

Anomaly condensate > linear axion potential Vg 35 (R, 50 é“”p“> b(x)

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

l

Viosinst = Aj cos AL~ MEeSwsinmt > Ay < Ag.
I

VL o~ A cos(}ll ) Ao > A; #A,  Restictto I=1: a;=a
ag

Virane—compact.—ef fects(@) 3 A3 ﬁ a+Aj (1 + & fa) COS(%)

warp factor

\4 . L. McAllister, E. Silverstein and A. Westphal,
Ao 3 ,‘ [ 3 Phys. Rev. D 82 (2010), 046003

~ iV arXiv:0808.0706 [hep-th]].
fa L (2”)3 S [ [ P ]]



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

~

Anomaly condensate > linear axion potential Vg > (R, ,0 R'77) b(x)

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

V(a, b) = Ay? (1 + e a(a:)) cos(f. ‘a(z)) + fi(fb Ao + A:}) a(x) + Ao® b(z)

fo Aj \1/3 NEM, Sola + Basilakos
Case | (— + 3) Ag < Ay € Ag Stamou, Spanos, gr-qc...
fa fa Ao N T
A% \1/3
Case |l A € (ﬁ 4 23) Ao < A4 Zhou, Jiang, Cai, Sasaki, Pi,
fa  fa\§ Phys. Rev. D 102 (2020) no.10, 103527




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

~

Anomaly condensate > linear axion potential Vg > (R, ,0 R'77) b(x)

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

V(a, b) = Ay? (1 + e a(a:)) cos(f. ‘a(z)) + fi(fb Ao + A:}) a(x) + Ao® b(z)

fo Aj \1/3 NEM, Sola + Basilakos

Case | (f_ -+ f Ag) Ao < A &= ’\0 Stamou, Spanos, gr-qc...
a a 30 ﬂu‘.ba\:\oﬂs
t of cosmic P°

emen |

Case ENNANT fo | A3 \/3 PR
ase AO & (_ + 3) AO < Al Zhou, Jiang, Cai, Sasaki, Pi,
fa  faAQ Phys. Rev. D 102 (2020) no.10, 103527




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

Anomaly condensate > linear axion potential Vg 5 (R0 E“”pa> b(x)

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

V(a, b) = Ay* (1 + 716 a(a:)) cos(f. ‘a(z)) + f_la(fb Ao® + Ag) a(x) + Ao® b(x)

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

(fb A5

1/3
E—l_faAg) A0<A1<<A0




The enhancement of cosmic perturbations mechanism \

10"V (M%)

>

=

S
T

820

(=] W
LI B B S e e

W
T T

NEM,

Stamou, Spanos, gr-qc... \

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

vvvvvvvvvvvvv

“step-like”

: :}V"ﬁ features

uuuuuuuu

6.40 6.45 6.50

a(Mn)

6.55 6.60

‘ V(a, b) = A, (1 L fLE a(:z:)) cos(fa"a(z)) + fi(f,, Aod + Ag) a(z) + Ao® b(z)

dIn Pp Pr

ne=1+

dlnk

_7['2

SET

g1 g2 13 f(Mpi)

Ao(Mp1)  A1(Mpy) Az(Mpp)

T’:P—R PT_EHZ

SET

Qic  bic Ns r

0.021 0.904 —0.15 2.5 x 104

84 x107% 8.19x 10* 2.32 x 104

0.026 0.774 —0.20 2.5 x 10~*

84x10™* 7.89 x 10~* 2.49 x 10~*

1

6.605 11.1 0.9638 0.062

2

4.932 11.4 0.9619 0.060




Primordial Black Hole (PBH) and GW

NEM, Stamou, Spanos, gr-qc...
enhanced production during inflation
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Primordial Black Hole (PBH) and GW

NEM, Stamou, Spanos, gr-qc...
enhanced production during inflation
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World-Sheet Instantons, Axion Monodromy like potentials
& deviations from scale invariance

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ’“’p“} b(x)

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

‘ V(a, b) = A, (1 +fE a(:r:)) cos(fa " ta(z)) + fi (fb Ao3 + Ag) a(z) + Ao® b(z)

fo A3
A =
n <K (fa + fa Ag

Case |l Zhou, Jiang, Cai, Sasaki, Pi,

Phys. Rev. D 102 (2020) no.10, 103527

)1/3 Ag < Ay

Stamou, Spanos, gr-qc...



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

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ’“’p“} b(x)

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

‘ V(a, b) = A, (1 +fE a(:r:)) cos(fa " ta(z)) + fi (fb Ao3 + Ag) a(z) + Ao® b(z)

Stamou, Spanos, gr-qc...

A specific set of parameters
enhancement due to inflection
points in the potential 2>

different enhancement mechanism
than in

4 ,1/3
Case ll Ay € (% + fAJQ\B) Ao < A
a a+iQ

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



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

Anomaly condensate > linear axion potential Vg 5 (R0 E“”pa> b(x)

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

‘ V(a, b) = A, (1 +fE a(:z:)) cos(fa"la(z)) + %(fb Ao3 + Ag) a(z) + Ao® b(z)

Ao =84 x 107*Mp;, g1 =110, go =1.779 x 10*, £ =—0.09, f=0.09 Mp
(@ic, bic) = 7.5622,0.522

Stamou, Spanos, gr-qc...

specific set of parameters
enhancement due to inflection
oints in the potential >
differ
than in

fv A3
A Jb
0= (fa A

Case |l anism

)1/3 Ag < Ay

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




Primordial Black Hole (PBH) and GW

enhanced production during inflation in Case 2

NEM, Stamou, Spanos, gr-qc...
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SUMMARY: Primordial Black Hole (PBH) and GW NEM, Stamou, Spanos, gr-qc...
enhanced production during inflation in Cases 1 + 2 ’ o

SET| Ppee*  MZek(My) frn

1 |1.466 x 1072 2.394 x 10~'° 0.009
2 11.365 x 1072 8.313 x 10~** 0.799
3 1224 %102 1.791 x 10~** 0.762

Hence in both hierarchies of scales :

Co (S AG B : fi A;
1 (Frra) M<h<h 20 A< <f_z+f012\8
one may get significant enhancement of cosmic perturbations,
ands PBH production, and thus a significant portion of PBH could
play the role of DM, also, as a result, profiles of GW could change during radiation,

in principle falsifiable predictions at interferometers.

)1/3 Ay < Ay
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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)

2 3
+ u w [T S
/dx\/ R+ 8178 b+ b \/;96%/ \/;J )}#—

JH = MR pH ’}’Sl//j, Chiral current, including RHN
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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)

seff — [ L rels b&”b+g/b()
- 22 Tk P

JH = MR pH ’}’sl//j., Chiral current, including RHN
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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)

seff — [ L rels b&“b+g/b()
- 22 Tk P

JH = MR pH ’}’Sl//j., Chiral current, including RHN
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chiral U(1) Gluon QCD

nstanton generated potential for KR axion b-field
during matter dominance > axion Dark Matter




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

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

of matter and radiation (diffeomorphism invariance)

Scale factor a(t) ~ T Possibly also QCD

ho T3+ subleading (~ 7'%) chiral U(1) anomaly terms

sufficiam&i.v slowly varying during leptogenesis
(brief) epoch > qualitatively similar to

approximately const. background Bossingham, NEM,

Sarkar
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Right-handed Neubrinos

>




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

Early Universe _ . _ —
T >>yTEW L= 'i:’\raz\r — %(.NC.N + .N.NC) _<]\TB,},.5.N —_ YALk@ h.c.

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

constant background with only temporal component B, o b#0

Produce Lepton asymmetry P

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

N — [T¢ N —=1"¢ ,
fr _Z|Yk|2 m? Q) + By r _Z|Yk|2 m? Q) — By CPV&\
e - 3272 Q Q — By 7 2 3272 Q) Q+ By LV
By # 0

\ Q= /B3 + m




L =iNgN — — NeN "NN°) CNBASN — YiLidD + h.c.
2 \

(approx.) Constant B, Background

Early Universe  CPT Violationr4 v
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,



CPTV Thermal | , _ 4N — ?”"(‘m;\r +NN¢) — NB+°N — YiLidN + h.c.

_(approx.) Constant B%# 0

Early Universe  CPT Violation 4.‘ background

T >10° GeV .

Lept ber & CP Violati @ tree-l I
due to Lorentz/CPTV B:::Egll?onusnd e AL 1010 & ~ 10-8

_ _ n, ’ m

N] — ¢€, ¢£
Produce Lepton asymmetry Yk -~ 10—5
Solvi
of Boltzmann =~ 3/2 ~ 0.007 —
eqs S Te(2m)3/2m m 0
BY ~ 1MeV
Tp ~m ~ 100 TeV
Similar C)T‘d@.‘l‘ O*F MQSME&M&E estimates Bossingham, NEM,

if B° ~ T2 during Leptogenesis era Sarkar




CPTV Thermal | ; _ x4n — (NN +NN) — NB+*N — iLidN + hc.

: . . _(approx.) Constant B°# 0
Early Universe CPT VIO|atI0n ‘. | background

T > 105 GeV <
Lepton number & CP Violations @ tree-level AL B
due to Lorentz/CPTV Background ~ 10~ 10’ 0 ~ 10—8
- — ., m
N[ — ¢ 14 , ¢ 14

Produce Lepton asymmetry

Equilibrated electroweak

B+L violating sphaleron interactions B-L conserved

é Environmental
e@ Conditions Dependent

Observed Baryon Asymmetry
In the Universe (BAU)

Fukugita, Yanagida,

"B B (BT RE (8.4 —8.9) x 107 T>1cev
ng +ng S




