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Motivation
Gravitational origin of (axion) dark matter (DM)

String-Inspired Gravitational Theory with Torsion & Grav. Anomalies, axions and
torsion

Primordial Gravitational Waves (GW) induced Condensates of Anomalies,

Spontaneous Lorentz and CPT-Violation by axion backgrounds & Running Vacuum
Model-type inflation without external inflatons

Post Inflationary eras & cosmic evolution of the stringy RVM:
Spontaneous Lorentz & CPT-Violation by axion backgrounds & Leptogenesis
in radiation era > Baryogenesis - geometric origin of Matter-antimatter asymmetry

Conclusions & Outlook (modern-era cosmological tensions and stringy RVM;
enhanced primordial black hole production during inflation,
modified GW profiles and DM)



1. Motivation



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

A OAY (SICTOIO! FT17 Planck2018 data
de\based‘(\ ENERGY DISTRIBUTION
BT e OF THEUNIVERSE [
SONCON 52 i riEEas bl
oo N \are® E
{0
DARK + Snla, BaO, Lensing
ENERGY

DARK
MATTER

Also Einstein’s GR explains
sufficiently well 1

Black-Hole Mergers + GW NORMAL MATTER Ry, — §g,uu R— g, A=8rGT,,
(since 2015 LIGO),

Black-Hole "photographs’ (EHT),... T,uz/ > Cold Dark Matter
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Important (> last 20 yrs) Discoveries in Cosmology/Astronomy

i ‘ ' """3 data
e
@Y What still we do not know/did not
£ observe:
> o<~ Nature of Dark Energy
W o'
ok Nature of Dark matter Lensing

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? ....) "¢ 1w

———————— —



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

1|

S\ - .
L @V What still we
’ of 0
1% »
> > Nature ¢
o Nature ¢

“I Primordial €

Also | |
suffic

(since
Black

| A ACDM appears

‘to be in tension with
local measurements of
present-era H,

& also galaxy-growth
data ?

71 (through de. geroivi v-nivus

i polarisation

| in CMB from very early Universe)

| _Microscopic models of Inflation
| (Is it due to fundamental inflatons or
Black | dynamical e.g. Starobinsky type? ....)

S



\ Microscopic
understanding of
10,000,000,001 10,000,000,000 Matter/Antimatter
asymmetry in the
Universe?

"\-—-

The Baryon Asymmetry

[TLBﬁB ng —nNpg

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

S = entropy density
of Universe



\ Microscopic
v~ rstanding of
10,000,000,001 10,000,000,000 {Antimatter
‘ry in the
erse?

We ‘ The Baryon Asymmetry

[”BfB (8.4 — 8.9) x 1011] T>1GeV
np +Ng

S = entropy density
of Universe



Attempts at Explanation of Baryon Asymmetry
- Sakharov ‘s Conditions

Baryon number violation

C-violation

Departure from thermodynamic
equilibrium (non-stationary
system)

CP lparticle> = lanti-particle>

Need new ijsc,cs beuond khe SM >
new sources of C?Y violation?




Attempts at Explanation of Baryon Asymmetry
- Sakharov ‘s Conditions

Baryon number violation

C-violation

Departure from thermodynamic
equilibrium (non-stationary
system)

CP |particle> = |anti-particle>

Need hew physics beyond the SM >
new sources of CP violakion?




~ I will argue that:

observed matter-antimatter asymmetry

can be linked with
Microscopic string-inspired models of Cosmology with ANOMALIES,

i primordial gravitational waves and induced spontaneous
. (through gravitational anomaly condensates) Lorentz + CPT Violation

+

geometric torsion interpretation of axion Dark matter




2. Geometrical origin
of axion Dark matter



A Geometric Origin of (axion) Dark Matter?




A Geometric Origin of (axion) Dark Matter?

n
—

Torsion in spacetime?

Einstein-Cartan

= curvature
Y and

curvature - )
torsion
or teleparallel gravity (only torsion) 43‘_




Example of Einstein-Cartan theory : QED with Torsion

__ a b
g,lLI/ — € v nab € U
g‘& B . vielbein
T=de’+to, Ne Torsion 2-form

R} =dw)+ o’ A®; Generalised curvature 2-form

Contorted ?=w*+K?
. . b b b
Spin connection

contorsion

Metricity postulate Breaks down if torsion present
vpgw/ # 0

V9, = 0 (torsion free




Example of Einstein-Cartan theory : QED with Torsion

Guv = €, Tab €4,
R : vielbein
t T =de’ + @, Ae” Torsion 2-form

R} =dw)+ o’ A®; Generalised curvature 2-form
-a __ a a
Contorted Wy, =w, + K b

Spin connection
contorsion

Metricity postulate Breaks down if torsion present

o =es(n =T ) = —2efI})

(urv]

Tbc = _2K[bc]’ a 2( cab abc Tbca)

R; =R; + DK{ + K! AK;;

Torsion-free




Example of Einstein-Cartan theory : QED with Torsion

= —f(Rab+DKac+KacAKb) A x(e% Aeb)

:uZIHOdge * (e“ A A eb) =
p

f(DKab/\ x(e" Ne®)) = fd(Ka,,/\ x(e“ Ne’)) = j;l(Kab/\ +(e* neP))= 0
Stokes

A=K* K", —K* K, »=T" T"F—1T# T + 1T 7w

MVA




Example of Einstein-Cartan theory : QED with Torsion

contorsion

% fermions _ i w; =, + K}
— ab
Dy =di — Zwa,,cr 1/

_ 1
te [ A dyrg/—g dix + 3 f Wly<, oK o — g dix

{_yc, o_ab] — zeabcd,yd,ys A



Example of Einstein-Cartan theory : QED with Torsion

contorsion

—_— £ " fermions _ i o) =)+ K}
— ab
Dy =di — Z“’ab” 1/

2,=D, —ied,

M

T=1/3DT,,.e° Ne” Ae
§S==x*T

Sd = (1/3!)eabchabc
te f A by —g a4 f Wly¢, oK o~ g dix

{_yc, o_ab] — zeabcd,deS &



Example of Einstein-Cartan theory : QED with Torsion

g*& fermions _ i wy, = wj, + K
Dy = dip — 28,50,

contorsion




Torsion & Axion-like d.o.f.

Duncan, Kaloper,

Fermion (Dirac) equation Olive
‘ , s Nucl. Phys. B 387,
v, — 18,7y P =0 D,=D, —ied, 215( 1992)

Einstein equations = 102 _ TA S
g G, =«kT, r,=Ti+T!+TS

Stress-energy
tensor

TA=F,F)— i8.,F,F",

If J° conserved



Torsion & Axion-like d.o.f.

5
Quantum chiral anomalies > d * J 7é 0

Add counterterms (order bny order in perturbation theory)
to ensure g4 § = () & thus conservation of torsion charge Q5= /*S

: : 3 3

Path integral over torsion d.o.f. fQS 5(dx S) exp‘if{lt —SA*S— ZS A x ])
Lagrange
Multiplier ®
(pseudoscalar)

3
f@S P exp( [—SA S - —S/\ *15+¢d*S])




Torsion & Axion-like d.o.f.

5
Quantum chiral anomalies > d * J 7é 0

Add counterterms (order bny order in perturbation theory)
to ensure 4 § = () & thus conservation of torsion charge J5=/* S

: : 3 3
Path integral over torsion d.o.f. fQS 6(d*S) exp‘if{él ZS/\ % § — ZSA % j ])

Lagrange
Multiplier ®
(pseudoscalar)

b — (3/2K2)]/2¢ fgs TP exp( [—S/\ S - ES/\ x j° + Pd = S])

Integrate out torsion S

(non-propagating field)




Torsion & Axion-like d.o.f.

Quantum chiral anomaties >d * J 7é 0

Add counterterms (order bny order in perturbation theory)
to ensure 4 § = () & thus conservation of torsion charge J5=/* S

Path integral over torsion d.o.f.

s 8(d=5) exp‘iﬂfzs/\ S~ %s/\ % j ])

Lagrange
Multiplier ®
(pseudoscalar)

1 1
b = (3/2K2)]/2¢ f9¢ CxXp| f[__dd’ A xdd — EdQS A % j7— fd%j5 A *j5”
VAN

Axion coupling [ =0x*/8)"1/?
parameter

Inté,grate'out t0rsioh S

(non-propagating field)




Torsion & Axion-like d.o.f.

1 1 1 . .
f_%, cxp(,-f[_idd, A sddb — 2_f2j5 A *jsn Partially integrate
¢ ¢

f,=Gk?/8) 172




Torsion & Axion-like d.o.f.

) 1 1 1 . . Pari'lally ini'egmi'e
- — * — ] N - I R
lf[ 2df;b/\ do 2f,§J A J})

f.@d) exp

(2.2 Q) 1/2
Axion coupling 79 (3x°/8) A
- e2 e T —
4+ j°= — 75 FAF = 5 5t(RAR) = G(4, ) Can add counterterms so that
2 _ _ only torsion-free spin connection
V.j’= SwzF“”*an T 1932 REPHVER v w appears in the Anomaly
. 1 1 L <
J26 expli[|-5dp A +dd + —dG(A, 0) = 550" A %
2 P 2f&

Repulsive four-fermion
Characterisrtic of
Einstein-Cartan theories



Torsion & Axion-like d.o.f.

1 1 1

f-@’rb exp ——dd> A wdd — —qu A x5 ')f” A s 5 Partially integrate
&
2 1/2
Axion . |ng = (B3x7/8)"
_ng” ) e at(RAR)=G(4, 5 Can add counterterm A hat
Nom-Abelian only torsion-free spin connection
w appears in the Anomaly
f.@qbexp f——d¢/\*d¢+ —21 SA %
( P 2f4

Non-Abelian Gauge group Instantons can lead to potential

V(9) = A (1= cos(6/8) )

- massive (m, = A2/f, ) torsion-induced axion
GEOMETRIC ORIGIN OF AXION DM?




3. String-Inspired Gravitational
Theory with
Torsion & Grav. Anomalies,
axions and torsion



String-inspired gravitational theories with torsion and anomalies

NEM,
+ Basilakos, Sola,

Massless gravitational (bosonic) string multiplet: Sarkar,

Juv — Gup » Spin =2 (graviton)
¢, spin=0 (dilaton)
B,,=—-B,,, spin=1 (Kalb—- Ramond (KR) field)

Y

Compactified strings

Gauge symmetry in closed string sector B,, - B, + 0,06, — 9,6,

Symmetry of string c-model vertex operators

.........

/ d*c B, e*Po X" 0pX", A, B=1,2 |
2 (2)

.....

world

sheet Gross and Sloan, Metsaev and Tseytlin |




String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:

Juv = Yuu, SPin =2 (graviton)
, spin=0 (dilaton)

B,, =—B,,, spin=1 (Kalb— Ramond (KR) field)

Y

Compactified strings

Gauge symmetry in closed string sector B,, - B, + 0,06, — 9,6,

Effective target-spacetime gravitational action depends on the field strength :

Hup = 01yB g

Manlfold of extra dimenslons.




String-inspired gravitational theories with torsion and anomalies

NEM,

. . . . + Basilakos, Sola,
Massless gravitational (bosonic) string multiplet: Sarkar,
Juv — Gup » Spin =2 (gI’&VitOD)
¢, spin=0 (dilaton),
B,,=—-B,,, spin=1 (Kalb—- Ramond (KR) field)

Compactified strings

Gauge symmetry in closed string sector B,, - B, + 0,06, — 9,6, \
Effective target-spacetime gravitational action depends on the field strength : ’

Huvp =014 By

String theory: Green-Schwarz mechanism for anomaly cancellation: |

H,uvp =0 [/JB vp] t (G’/K) (Q3L[va o Q 3vap) B
Chern-Simons terms '
Gravitational gauge
- m. . RS
Q, =, Adaf, + %(Hac Aafy Aal, Qy=AANdA+AANAANA

O’ = Regge slope = M2
k2 = 81 G = 4d grav. constant



String-inspired gravitational theories with torsion and anomalies

NEM,
N . . . + Basilakos, Sola,
Massless gravitational (bosonic) string multiplet: Sarkar,
String theory: Green-Schwarz mechanism for anomaly cancellation:

H,yvp =0 [qup] + (G’/K) (Q3L/va — Q3Y/.1vp)

String effective action (lowest order in Regge slope)

1 1
SH = /(ll‘l‘ —g(‘) 2 R + _-.‘H,\;u/ IH'\“U + ... )
K- 6

pa—

.....




String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:

String effective action (lowest order in Regge slope)

Sp=— /d‘z\/—_g() - Compactiia® Strings

Totally antisymmetric
torsion

R(T) Th =T + = Hio £ T,




String-inspired gravitational theories with torsion and anomalies

NEM,
+ Basilak I
Massless gravitational (bosonic) string multiplet: Safks'c;ra o S‘ﬂ

String theory: Green-Schwarz mechanism for anomaly cancellation:

H,uvp =0 [J.JB vp] + (G’/K) (Q3Lyvp 0 3Y/va)

String effective action (lowest order in Regge slope)

s =~ [ (G o 0 D)

Totally antisymmetric ]
torsion

——— = el = B e
R(I‘*) =15+ 73 Hi #1,

Torsion > axion-like d.o.f. (as in CONTORTED QED)
String-model independent axion

Svrcek-Witten




String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:

Bianchi iden'ri’ry constraint
£ H R*P° _F,, F“") = V/=9G(w,A)

Compactified strings

L 32n

Implementation via axion-like Lagrange multiplier field b(x)

L (=" Hupo (), — G(w, A)) =
/ Db exp [z' / d‘*z\/qi b(z) (e‘""” Hypo(z)., — G(w, A))]

V3
— [Pvesp[~i [y (250) T e e + 22 G0 ))]




String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:

Bianchi identity constraint
al

and H = 2o VG (Ruwpo B — By F*) = V3 6(w, A)

Compactified strings

2K

Implementation via axion-like Lagrange multiplier field b(x)
Integration of non-propagating H field

1 1 2 o =~ v ~ v
S§“=/d‘z\/_—g[—mR+§6“b6“b+ §96nb(z)(R,,.,,,,R“""—F,,.,F“)+...]




String-inspired gravitational theories with torsion and anomalies

Massless gravitational (bosonic) string multiplet:

Bianchi iden’ri’ry constraint
mvP _F,, F“")

- Compactifie »strings

und W = g5
Massive axions through
Non-Abelian gauge group
Instantons

1 2 o'
/d‘z\/_[ : 2R+26 bob +




String-inspired gravitational theories with torsion and anomalies

NEM,
+ Basilakos, Sola,

Massless gravitational (bosonic) string multiplet: Sarkar,

String theory: Green-Schwarz mechanism for anomaly cancellation:
H,uvp =0 Lvapl + (G’/K) (Q3Lyvp - Q 3vap)

Bianchi identity constraint

o

abe H™ s = 357 V=0 (Buvoo BP7 — Fo F* ) = V=9 G(w, A)

Massive axions through | l

Non-Abelian gauge group
GEOMETRIC ORIGIN OF AXION DM Ins,', an'l' ons

1 1, .. 2 o P

Geometric origin of stringy axion DM

.....




Inclusion of Fermions

_ V2d PHYpo P
_/d"a:\/_— [~ 5 Rt 50,00+ 2 b(:c)( o B2 — Fy F7)

,“,’:f:c /d41:\/_ .7:,, \/§ b) S /d‘:v\/_JSJS”

or Majorana

JoH = ¢j,7#,75¢j Axial Current
All fermion species

cf. classically in 4 dim: | —3 \/iaab = \/fg € v po HHve




Inclusion of Fermions

V2a N =
=/d‘a:\/—_ 5y Rt 5 0,00+ gﬁwll(a,-)( o B — Fy F9) 4

+ SEree 4+ _/d":z:\/ f,, \/§ Js“—— d*z\/—g 5JE"‘+...]+...

or Majorana \
KR-axion anomalous

_ CP-Violating interaction
JoH = ¢j'7"'75¢j Axial Current
All fermion species

cf. classically in 4 dim: | —3 ﬁ@ab = \/fg € v po HHve




Inclusion of Fermions

_ V2d PHYpo P
_/d"a:\/_— g Rt 5 b+ 2 b(:v)( o B — Fy F9) 4

f,':f:c _/d":z:\/_ f,, \/3 b) S /d41:\/_J5J5“

or Majorana

4-fermion contact interaction

Sp 5,/ ] characteristic of
JoH = ¢J '7" v "bJ Axial Current (integrating out) torsion
All fermion species

cf. classically in 4 dim:
(Aualit retazmhshc, :




Inclusion of Fermions

_ V=g \/§a PHYpo P

]

+ SFree 4 | die /=g (f + = \/5 b) gom 2 / d*zy/—g JoT* + ]
/’;’_' °%
fd — gabcd € aa eﬁ ’

Va_nishes or Friedmann-Lemaitre-
Roberston-Walker backgrounds

vielbeins

cf. classically in 4 dim:
(Aualit reto:zmhshc, :



Inclusion of Fermions

2,92 96 /3 b(a:) ( hw po R — Fpuy FW)

+ Shree / d'av=g -f\/ga,,b) T PN T

or Majorana =

JPH = ll-lj‘r”’)’s’ll)j Axial Current

Kalb-Ramond (KR) or string-model
independent (“‘gravitational”) axion

cf, dassucawg i 4 dim:

(du.ah.?: relationshit




The Model

96K.

1 1 2

3 3K
e st + [y .g\ga,,b) N L

or Majorana

JPH = i 45b; Al fermion species




The Model

Av\omatj Eermas

+Shi+ [ dev=g

or Majorana

J*# = " °; Al fermion species




The Model

Ancamatj Eermas

1
_ﬁR_i__

+Shi+ [ dev=g

or Majorana

J*# = " °h;  All fermion species

Non-trivial if chiral
anomalies affect
the conservation
of axial current
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9rw14ons :
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CHIRAL

o 30“76

Om'on

“UJ Vv

AN FERMION,

or gravitons

%ffcm// Oonrerm:c/ Chrrcu{
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Gravitational Anomalies & Diffeomorphism Invariance

N

4 ~
(yvaviE&ELf;)V\&L d X\ —(g b( Qj) ( R/JJ//)O' RHvpo _ 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[ / dia\/=gb R, pe ﬁ,ﬂm] —4 / dia\/—gCH 5g,, = —4 / dia\/—gC,., 5"

Cotton tensor

1

en = —3 [va (50/1&;3 RV, + eV R#ﬁ;a) ‘o, ( frnov ﬁﬂ,a#)] _ _% [(Ua EA,‘U,,);A o V)]

Vo = 0ob = by, Vor = V76 = birisr

Traceless G € =10 Jackiw, Pi (2003)



Gravitational Anomalies & Diffeomorphism Invariance

~

4 ~
(:-;rouvi}:o&i,f;)\'\&t d X\ —(g b( Qj) ( R,Lu/pa RHvpo _ F,Lu/ Fp,l/)

O\V\QMQL"QS ‘l
Spoils conservation Topological,
of stress tensor does NOT
(diffeomorphism contribute to
invariance affected stress tensor

in quantum theory)

5| / d'2y/=gb Ry ps R | = 4 / diz\/—gCH 5g,, = —4 / d'z\/=gC,, 5g"

Cotton tensor

o _ _% [va (goﬂaﬁ RY,, +covob R“,s;a) Lo, ( Bruov ﬁmuﬂ _ _% [(va EA,M,,);/\ AN V)]

Vg = 0gb =b.y, Vor = Vr0 = bri I : not necessarily
positive
Traceless Gy CH =10 contributions

to vacuum energy



Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

1
1 1) 7 _ Opr fL1
R 2 g R C — K frma,ttel
e N\
CHv  — 1 oV Raﬂ’yé E
ST v ' af3y0
\_ 8 /

Ve = O0,b 1

9 Y Diffeomoprphism
[ Tmatter,,u C'LL L # O invariance breaking by

gravitational anomalies?




Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

1
py U _COnv 2 i
R ) g R C — k frma,tter
4 )
CHv  — 1 oV Raﬂ’yé E
L v : af3yd
N 3 )

7 =
Ug = ao'b No problem
with diffeo

Conserved Modified

E{QTI/;IV + CHY = O} stress-energy

atter;p [ tensor




4. Primordial Gravitational
Waves, Anomaly condensates



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

1 2 o

e 1 DY
Seff /d‘*x—g[— 2?1“5(9,,1;6“”\/5 5o b(@) Rupo B P°+...]

1 1 2 o
_ 4 = - 75 N Iz
/d T/ g[ 2E2R+26,‘b6b \/;96n6yb(m)lC +] :




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

absent before

forma&mh of GW
S%ﬁ—/d‘ia:\/_g —§R+ 6b8"b \/3 T VW+...]

>
4 o Iz
/dw\/_ R+ S 0,b0"b— /5 o s

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




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

absent before

forma&mn of GW
Sgﬁ—/d‘iwv —g —ER-I- 6b8"b \/3 96 VP0_|_“.]

2
4 - H
/dw\/ R+ 0, bO"b — 3965

No potential for KR axion before generation of < ‘;

> stiff-matter, equation of state W=+1 bW Gh‘s m
>stiff-axion-matter dominance s ©

during very early (pre-inflationary)
Universe




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

1

SEE=/d4w [—2—R+ 6ba“b+\/

2 o

RHV PO
3 06k RprO'R +]

1 2 o
—/d.’l: g[ 2n2R+28,,bab \/;965:6 b(z) KH + . ]

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,,, ¥,) Sof3 (2019-20)

1 2 «
eﬂ'= 4 o m R[H/po
S /da:\/ [ 5.2 s R+ - Bbab+\/396 14 ]

1 2 o
T 1 . )
_/d T/ g[ 2&2R+26,,b6 b \/;9656 b(z) K* + . ]

Primordial Gravitational Waves NEM,Sola
Potential Origins in pre-inflationary era? EZP(‘)';;’T
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)




Other Potential origins of < lepa E“ P 0>

} Po MW"\S of rotating See: Chatzifotis, Dorlis

{ pnmardual blacle holes (pBH), Talks 5 April 2023
which are sourced by axions,

and also GW generaked

b:, merging of such pBH '

Hewnce, we have several sources
o anardmt i
NR: Skrin Y RVM may lead o
E mhanaeg production of pRBH  proi iz, osowz
ciunngfa\/M inflation




5. Spontaneous Lorentz &
CPT Violation
by axion backgrounds
and Inflation wnthout
~ inflatons



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

Non-trivial i
GW present

Seﬁ—/d“w\/ [—QLR+ 8,b0"b +

1
— 4 — o L M
= /d T/ g[ 252R+26,,b6 b—

Primordial Gravitational Waves,
&
De Sitter space times &
Spontaneous Lorentz & CPT Violation




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

Gravitational
Chern-Simons (gCS)

1 oo ]

Seﬁ=/d4a7v [—2—R+ 6b(9“b+\/

2 o
3 96k

1 2 o
_ a.. —( 1 By p
—/dw\/ g[ 252R+26,,b66 \/;96n‘9 b(z) KM + . ]

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

gCS = \/; 9% d4a; vV — (b(x) R;wpa R#VPG) 4 - b(.’I)) R;wpa R;wpa )
" quantum ordered




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

Gravitational
Chern-Simons (gCS)

1 oo ]

Seﬁ=/d4a7v [—2—R+ 6b(9“b+\/

2 o
3 96k

1 2 o
/dw\/ g[ 252R+26,,b66 \/;96n‘9 b(z) KM + . ]

2 o ~
— — LV po
e N Ty
Condensate < ...> of gosm*o lo,rg':f:l'
Gravitational Anomalies onstant=tike
9CS = \ﬁ e / a'2 (=g ((b(@) Ruwpo B*P7 b :b(x) Ryps R*77 :)
quantum ordered




V=9 K* (W') 7!

Effective action contains CP violating axion-like coupling /

Seff — /d‘ln/_[— R+ ! S OubO"b + \9(62\/5

() (RWW Rmeo

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

(ii) deduce Running Vacuum Model (RVM) vacuum behaviour
and

(iii) Inflation is obtained self consistently from RVM evolution



Effective action contains CP violating axion-like coupling / Oy (\/ L (w))

1 V2o ~
Seff — d4T\/_[——R—|— 9,b b + 2) (Ruwpo 177 Vo]
/ 06 h\/g( ) Hvp
/ \ Avergge | /
ds* = dt* — a*(t) [(1 — hy(t,2))da® | | over inflationary Ny = % Proper density of sources
space time in the g
+ (14 hy(t.2z))dy* | | presence of b(x)=b(t)
rimordial
+ 2hy (t, 2) dx dy + d-2| 2 P Alexander, Peskin,
2hx (1, z) ax a % ravitational waves Sheikh -Jabbari

M = UV k-momentum Cut-off

U
d 0 B ~ 16 d3k H? 4 3
E(V—glc (l‘)) - <vapo'R“VPO'> — g n*/ (2717)3 2k3k ®+O(@ )

Homogeneity
& Isotropy 2 K3 _ —1
0=/ mh«1 k= Mpy,
312 b= db/dt

H = const.
(inflation) a(t) ~ e''t



Solutions (backgrounds) to the Eqs of Motion

e [\/——g<3al—)—

2

396k

/a(r))] —0 = b=

Ny = % Proper density of sources ‘

HETEOE

2 K3 . 0 ‘
_\/;EHI)O( )C

2 o
39k

Ji/O

6 , Mk H?
(Ruvpo RYP7) = = s / K ©+0(0°)

(27)* 2k3

time evolution of Anomaly

M = UV k-momentum Cut-off

HO (1) = Kl in(0) exp[ 3Ht(1 -3x107* n*(

H
Mp,

) (

i

Ms

))

Mo\ 1/2
nl/d' ML ~ 7.6 X (YPI)
R
Planck Data

H/Mp <107 mp

» KV = const.

M/ Mg =1

ne > 3.3x 108



Solutions (backgrounds) to the Eqs of Motion

- 2 o
Jif (t))] 0 = [b 3961(% constant}

e [\/——g(aaz‘;—

2

3961(

$ i

H;;p, = constant

HETEOE

K'®@+0(0°%)

16 d3k H?
(Ruvps RAP%) = — i) /

(27)* 2k3

\/712HbO< ICO ‘

U = UV k-

time evolution of Anomaly

momentum Cut-off

,)ifbggm(O)exp[ 3Ht(1 3x10—4n*(

) (L))

M
nlML ~ 7.6 X (—Pl

* M, H

)1/2

» {/CO — const.

Spontaneous
LV (+ CPTV) solution

Planck Data H/Mp1 < 104 » Ny = 3.3 X lOB

u/Mg=1



Solutions (backgrounds) to the Eqs of Motion

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

= ’l, k’
b ~ €@'ij J =~ constant
torsion

Using slow-roll assumption b
-2

1 102
€= 5 CITL b 10 Planck Data

b~ 2EMp H ~ 0.14 Mp H

H = H;,q ~ const.




Solutions (backgrounds) to the Eqs of Motion

—(qar_ |2 & g B = 2 d
aa[\/ g(ab \/;96{1/ (t))]—O = | b= 5961(%0 constant

Using slow-roll assumption b
L1 5 2
£ = b ~ 10~ Planck Data

2 (HMp, )?

b~ 2€Mp H ~ 0.14 Mp H

@ end of Fix b;,isiy to arrange

Inflationary  f ~ Diirs 0.14 Mvei H:..q t approx. constant
era end initial 1+ U. Pl £1infl tend condensate

tendHinﬂ ~ N =€ — foldings during appropriate
~ 55.70 time period (inflation)



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




Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

_ Positive

A = (b(z) R, 0 R*7P°) ~5.86 x 10" e N H* > (0 Cosmological

. o 1t
HEP 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
Mp] MPI

Dark Ewnergy

(Mrunning
vacuum model

(RVM) Eype’



Gravitational Anomaly Condensates - Dynamical Inflation ]

NEM, Sola |

_ Positive

A = (b(z) R, 0 R*7P°) ~5.86 x 10" e N H* > (0 Cosmological

. o It
HELp 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
Mpy Mpy

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




Pt

Gravitational Anomaly Condensates - Dynamical Inflation

b
NEM, Sola

Positive

10" e N H2 > (0 Cosmological

Constant-like

2
energy ) + (1.17 — 1.37) x 107 (%)4] >0
Pl

Equation of state :

Dark Ewnergy

“ru“v:\izgdel O > Pp+ Pgcs = - (Pb + Pgcs ) cf. phantom ““matter”
vaCuum

(RVM) E‘j?’e”) 0 < pr=-p» 2 dominates =2

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

vacuum




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

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)?






Running Vacuum Model (RvM)  Shapiro + Sola

Sola, ...
Dark Enerqy B
(“running i =K 2A—|—61H2—|—62H4—|—...
vacuum mode K_Q A /

(RVM) bype’™

c1 = 3vk ™2, ¢y = 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,
p(t)rvm = —Piyag (t)

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

dpg\m(t) . A2 172 74 H®
dh‘lH2 = (47(‘)2 'izzF:B |:a~z.A'.[i H +sz +O(A_[3‘):|

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



Basilakos, Lima,
Sola + Gomez Valent
+ ... (2013 -2018)

Cosmological Evolution of RVM

W = Pm/Pm m =matter, radiation

P
. 3 2 Co
Solution 1— )\ /2 H
H(a) — ( o V) \/D a3(l—u)(ll+wm) +1
<7 N D >0

Early de Sitter § Dg4(1-v) &« 1 :> 2 _ (1 _ 2
(unstable) . H (1 V)HI /a

Radiation Da4(1_l/) > 1 |:> H2 ~ a3(1_y)(1+wm) ~ a—4
w=1/3

Late dark-Energy 12

2 e —3(1-v) , ¢ -
dominated era (a) = Hg [Qmo a + QAO] €0 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)?



Gravitational Anomaly Condensates - Dynamical Inflation ]

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)?



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




6. Post Inflationary Eras
Cosmic Evolution ,
_ of the 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)



Cosmic Summary of (stringy-RVM) Cosmological Evolution

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

Undiluted constant
KR axial backround

Gravitational a1
anomaly (GA) |:> BH —Mpl b5y.0

b~ 2eMp H ~0.14 Mp H

RVM Inflationary (de Sitter) Phase

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




Cosmic

Time

forward direction

Summary of (stringy-RVM) Cosmological Evolution

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

RVM Inflationary (de Sitter) Phase

ndiluted constant

Primordial
Gravitational
Waves

—

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

Pl 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



Post-RVM-Inflationary
Era

Cancellation of
Grravikakional Anomalies




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



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

o

3a .- o /21 3 a sapm —~ (g ~
— —_— P — kK — ) — — — v b A A a apy
a"[" 9( g TR BQG,C)] \/;r{.(%r V=9 F" Fuw + g V=96 G

chiral U(1) Gluon QCD




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

3a" . o [2 1 3o sapm ~ Qg ~
— —_— P — kK — ] — — MV — a apy
al-l[\/ g( 8hJ o 396K:)] \/;h ( 5 v—gF F‘w_*._‘h_'/ gG‘wG

o

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




Lorentz- & CPT-Violating

Leptogenesis >

2 Baryogenesis

in models with Massive
Right-handed Neulrinos




Models with Right-handed Majorana Neutrinos N; I=1,2,...

_ _ - M; _
L =Lgy+ N;zé‘##‘NI — F L . Niop— TI N}:NI + h.c.

m, = —MDMLI[MD]T

v=(¢p) ~ 175 GeV




Models with Right-handed Majorana Neutrinos N; I=1,2,...

mass of lightest of N,,
say M; =m

by agreement

with Cosmological data

L = Ly + Npid, "Ny — Fur LQN;&;ENI +he.

m, = —MDMLI[MD]T

v=(¢p) ~ 175 GeV




Models with Right-handed Majorana Neutrinos N; I=1,2,...

M,

‘ L = L.S'.-“Lf + ;?‘\_rrj'if:?#f’:r"uﬁrrj — Fﬂ.j Eﬂﬁr"’jﬁ;} - T i?\r_'}"ﬂr'rj + h.c.

Add inferaction with +
approximately
constant

axial background
B, (e.g. generated
by torsion)

Isotropy . Homogeneity:B, = non trivial, 8;= 0, i=1,2,3

In our KR-orsion-induced axion background By = Mp,' b8y
b ~\/2eMp H ~0.14 Mp H



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

Early Universe NIN — ™ (NeN « NNC) — NBAN — ViTodN + h
T>>TEW L:'z.' d.' —7(.' N + IV )—.' Y OIN — Xk k(_j),' + h.c.

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

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



. - 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-Neutrino (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 7>1cev
ng +ng S




Cosmic

Summary of (stringy-RVM) Cosmological Evolution

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

forward direction

Undiluted constant
KR axial backround

Gravitational _ as—17
anomaly (GA) :> By = Mp, bouo

b~ 2eMp H ~0.14 Mp H

RVM Inflationary (de Sitter) Phase

Primordial
Gravitational |:>

Waves

From a pre-inflationary

era after Big-Bang chiral matter

generation
Radiation Era @ inflation exit

By T3 wlation of%
Leptogenesis induced by

RHN (tree-level) decays

— — -
N[ — ¢ K , ¢ K AL In the (approx.) constant LV + CPTV background B)u = MP] b5“0

B-L conserving sphelaron processes = Baryongenesis

Matter Era Possible potential (mass) generation for b - axion Dark matter
Chiral anomalies @ QCD era (instantons)




Cosmic

Summary of (stringy-RVM) Cosmological Evolution

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

forward direction

Undiluted constant
KR axial backround

Gravitational _ as—17
anomaly (GA) :> By = Mp, bouo

b /2eMp H ~ 0.14 Mp H

RVM Inflationary (de Sitter) Phase

Primordial
Gravitational |:>

Waves

From a pre-inflationary

era after Big-Bang chiral matter

generation
Radiation Era @ inflation exit

By T3 wlation of%
Leptogenesis induced by

RHN (tree-level) decays

— — =
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)




Summary of (stringy-RVM) Cosmological Evolution

Cosmic .
Time Basilakos, NEM, Sola
Collider bound
— -14
10 TeV = O(10-14) My, < M, < Mj,
b 3 M?
V,2CD L A4 (1 — cos(— ) fp =964/ = —=
b — *QCD ! b —

_ fo 2 Mp;

% AQCD ~ 218 MeV Remaining chiral anomalies

Q

: @ Q l

b CcD 1 o |3 «a ~

S eff _ 4 — = 175 N v s a apv

5| Erg St /d .~c\/_g[:2 Bub b — = \[2 25 b(z) Ga, G ]

&[T~ 200 MeV Instanton-effects-induced
KR-axion potential and mass
due to QCD chiral anomaly

Matter Era Possible potential (mass) generation for b - axion Dark matter
A2
2%x 2071 eV < my = ?CD < 2x 10 eV
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These bounds are consistent with BBN Constraints on f,

9sN

omN y¢(€"f"’756) gd¢N0pu75NF“u ;

Lint - —_¢Fqu“u + 7

Nucleon

NS ST or in general

- 5[’7 Y ] massive fermion
Y of mass m;

Ly

e massive fermion equations of motion so as
e axion-fermion interactions :

F=crmpdy°i/ fa

Implying production of heavy fermions f, via a 4+ v — f + f
which can alter the proton to neutron ratio during BBN




cr =1 Ly =cympdpy°/ fa
BBN constraints rule out

BBN bounds on f, f, < 109 GeV for a
9.5¢ wide range of Masses m,

For KR axion coupling

3 M?2
fp = 96 §MS < 107 GeV
Pl

. Excludes
5] my, =A2qcp/ f, >4 x 102eV

LoglO(f a/GeV)

Log,o(mg/2 GeV)

D.J.E. Marsh,

ANz = 0.1,0.5,1 (green, black, red ) Phys. Rept. 643, 1
(2016)

[arXiv:1510.07633
[astro-ph.COl]].



NB Ultra Light Axion (ULA) DM (allowed in string theory)

Compactification actions, NOT f, in stringy RVM D.J.E. Marsh,
Phys. Rept. 643, 1

Contribution to galactic growth if dominant DM species (2016)
[arXiv:1510.07633

[astro-ph.CO]].

Overdensity
2

3
o

—— k=10"*hMpc" |
—— k= 0.1AhMpc!
—— k= 0.3hMpc~!
0% 10° 102 10T 10
Scale factor a

R. Hlozek, D. Grin, D. J. E. Marsh, and P. G. Ferreira, Phys. Rev. D91, 103512
(2015), 1410.2896.




Compactification actions, NOT f, in stringy RVM

Halo Density Profiles and ULA

723 m, = 8.1 x 1072 eV

y =80
werlhees T 22
e Zm09
*  z=00(res x8) 7
B 2= 00

D.J.E. Marsh,
Phys. Rept. 643, 1
(2016)
[arXiv:1510.07633
[astro-ph.COl]].



NB Compactification actions, NOT f, in stringy RVM

Halo Density Profiles and ULA

ot M T m, = 8.1 x 10~ eV
| . s T w22
- Zw 03
+ 2=00(rosx8)"
B z=00 0,{\\‘8

D.J.E. Marsh,
Phys. Rept. 643, 1
(2016)
[arXiv:1510.07633
[astro-ph.COl]].




Cosmic Summary of (stringy-RVM) Cosmological Evolution
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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
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Bl type-l RVMup,
Bl type-ll RVM
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Integrating out graviton or matter ficts Gomez Valent,

/ \ NEM, Sola (2023)

p o< (c1 + colnH) H? + (c3 + calnH) H*+ A

Almost-Type || RVM
in our stringy RVM

Il StRVM Planckl8
B StRVM Planck1l8+SNIla+BAO+CCH
Bl StRVM Planckl8+SNla_Hp+BAO+CCH
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0,, growth tensions
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0.86 | s
0.84 f é 70
N 0.82 f f 68 I
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0.76 |
074fF *' ! | . 62 [ : : :
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Cosmological (stringy RVM) Evolution: the Whole & its Parts
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8. Enhanced cosmic perturbations

and densities of primordial black
holes and Gravitational Waves



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 . e-Frint: 5 ep-
& deviations from scale invariance ! [hep-th]

NEM, Spanos, Stamou
PRD106 (2022), 063532

Anomaly condensate - linear axion potential Vg 3 (R, 0 E‘“’pﬂ b(x)
world-sheet (non-perturbative) instantons - periodic potential perturbations

b

V:\I,)smst s f\b COS(fb) f\g ~ *,‘\[‘;1 C-Swsinst > Ab & 1\0‘

‘f\:lsllnst =— 'AI COS(}ZI ) J‘\O > "\I # *’\b-, Restrictto [ =1: a, =a
ar

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) Ap < Ay < A
fa fa AO NEM, Spanos, Stamou
PRD106 (2022), 063532
A% \1/3
Case II Ao € (ﬁ + Z ) Ay < Ay Zhou, Jiang, Cai, Sasaki, Pi,
fa fa Ag 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 | (— - 3) Ag < A = Ay

fa fa Ao \ Oﬂs NEM, Spanos, Stamou

. qerturb?@ . PRD106 (2022), 063532
¢ of gosmi P
men
gnhanc® fo A% \1/3
Case A € (_ + 3) Ao < Ay 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 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, Spanos, Stamou
PRD106 (2022), 063532

(fb A5

1/3
E—l_faAg) A0<A1<<A0




The enhancement of cosmic perturbations mechanism \

NEM, Spanos, Stamou
PRD106 (2022), 063532

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

vvvvvvvvvvvvv

820

90

p—

W
T

10"V (M%)

>

=

S
T

1 1 1 1 1 1 1 1 1 1

“step-like”

:}V"ﬁ features

uuuuuuuu

1 1 1 1 1 1 1 1

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 2
dln k Pp =
SET| ¢1 g2 3 f(Mpr) | Ao(Mp1) A1(Mpr) Az(Mpp) SET| aic bic Ns r
1 [0.021 0.904 —0.15 2.5 x 107%|84 x 10~* 819 x 10~* 2.32 x 10~* 1 |6.605 11.1 0.9638 0.062

2 10.026 0.774 —0.20 2.5 x 10~*

84x10™* 7.89 x 10~* 2.49 x 10~*

2

4.932 11.4 0.9619 0.060




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

NEM, Spanos, Stamou
: i) @ : PRD106 (2022), 063532
enhanced production during inflation

1015 1019 102 107 10% 103
102 . Kepler
'. 3% SET2
EROS/MACHO/OGLE
10*' ‘-| HSC
'| a
.' s}
-4 10 ‘ @
o 10°F ,! ‘
10'8' :
100 I.
100 102 104 105 10% 10101012 10141016 10181020 1022 1024 102 108 1016 1014 1022 1010 10 10€¢ 104 102 10° 102 10%
k(Mpc't) MpgH(Msun)
106 gre _
fractional PBH abundance
10€
1 QppH
ool f— / AMpi (k) 7——— -2 (Mppu K))
B Mpgu(k) Qpm
= 1012
=
 ygu}

10716

frer = 0.80.

101 |




World-Sheet Instantons, Axion Monodromy like potentials NEM, Spanos, Stamou
& deviations from scale invariance PRD106 (2022), 063532

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(a:)) cos(fa " ta(z)) + fi (fb Ao3 + A‘2‘> 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




World-Sheet Instantons, Axion Monodromy like potentials NEM, Spanos, Stamou
& deviations from scale invariance PRD106 (2022), 063532

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)
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Primordial Black Hole (PBH) and GW B T W s
enhanced production during inflation in Case 2
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SUMMARY: Primordial Black Hole (PBH) and GW B T W s

enhanced production during inflation in Cases 1 + 2

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.
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