Gravitational Anomalies, axions & Ilggé

a string-inspired Running Vacuum Model Jj 22AI0E
in Cosmology

Nick E. Mavromatos a
v

King’s College London,

Physics Dept., London UK CA18108 - Quantum gravity
phenomenology in the
multi-messenger approach

CELEBRATING THE 50TH ANNIVERSARY OF [
; M “INTRODUCING THE Brack HoLE” AnD
) THE BLACK HOLE MASS ENERGY FORMULA L

{TEENTH MARCEL GROSSMANN MEETING ol et

https://indico.icranet.org/event/1/
ON RECENT DEVELOPMENTS IN THEORETICAL AND EXPERIMENTAL GENERAL RELATIVITY, ASTROPHYSICS AND RELATIVISTIC FIEL THEORIES 0 10 30 C o o -

INTERNATIONAL COORDINATING COMMITTEE e AR AT
ALBANIA: Hafizi M. -

: g i P, Ricci - Excerpt from the walls of ICRA room 301 in Sapienza
Arguslies C, Scoccola oy = Tln s ICRA senk ,W Since 1975, the Marcel Grossman Meetings have
2 3 ,a d) a h been organized in order to provide opportunities for
Ly @ KR B i in gonra

field theories,

CM3 parallel session PR e o

tings is to elicit exchange among scientists

Status of the H_0 and Sigma_8 Tensions: L

tures as well as to review the status of ongoing

°' Theoretlcal Models and Model- Independent Constralnts mimeols st & Mg Exsiens e

itation and relativistic field theories either from
e ground or from space. Previous meetings have
been held in Trieste (1975) and (1979), Shanghai

(1982), Rome (1985), Perth (1988), Kyoto (1991),
Stanford (1994), Jerusalem (1997), Rome (2000), Rio




0. Motivation



Important (> last 20 yrs) Discoveries in Cosmology/Astronomy
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Also Einstein’s GR explains
sufficiently well 1

Black-Hole Mergers + GW NORMAL MATTER Ry — §gw/ R — g0 A =8rG T
(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:
2> 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? ...) "¢l



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

A/ ACDM appears
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\ 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



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?
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“There is a fundamental We_rner Der Teil
error in separating the Ja——— Helsenherg und

parts from the whole, the ; das Ganze
mistake of atomizing what S b
should not be atomized.

Unity and complementarity
constitute reality”

Werner Karl Heisenberg - GeSpI'aChe 11
German Scientist & Nobel Prize : Umkreis der

1901-1976 Piper  Atomphysik




I will argue that:

Deviations from ACDM and alleviation of cosmological-data
i Tensions in the current era

+
observed matter-antimatter asymmeitry

Can be linked with

Microscopic string-inspired models of Cosmology with ANOMALIES,
= primordial gravitational waves and induced spontaneous
% (through gravitational anomaly condensates) Lorentz + CPT Violation

-

geometric torsion interpretation of axion Dark matter
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Deviations from ACDM and alleviation of cosmological-data
Tensions in the current era

+

observed matter-antimatter asymmetry

Can be linked with

Microscopic string-inspired models of Cosmology with ANOMALIES
primordial gravitational waves and induced spontaneous
(through gravitational anomaly condensates) Lorentz + CPT Violation

+

geometric torsion interpretation of axion Dark matter
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The Parts Shapiro + Sola

Sola, ...
Dark Enerqy $
(MCrunning " K 2A—|—61H2 —|—62H4—|—...
vacuum model /'{_2 A(t

(RVM) bype

c1 = 3vK™2, co = 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 > 3
prvMm(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 |

M0 1
dlnH?  (4m)2

- i e
;;B @ MZH? + biH* + O(W)]

general covariance -
even powers of #



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
>0

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

(unstable)

= IS

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

dominated era QA(): dominant
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Goémez-Valent, Sola
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Sola, Gomez-Valent,
gessio” De Cruz Perez, Moreno-Pulido,
talks (Planck 2018 data)

Alleviation of the H,, og tension by RVM model

I /\COM

B type-l RVM
Bl type-l RVMy,,
B typell RVM

0.75 0.80 0.72 0.76 0.80 0.76 0.78 0.80 0.82 68 70 72
Og Y Sg H g (km/s/Mpc)
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The Parts Shapiro + Sola
Sola, ...

Dark EV\?-TSU Eon _9
(running P =K A
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K 5\»( O\O%scale M |

RVM % G

dinH2 ~ (4m)2
general covariance -
even powers of #




The Parts

Dark Energy %

(“ru&\hiﬂﬂ ‘
vacuum o f*)et 9ra St T‘tZMS Y
: V{ ;
(RVM) type Acf’fxé,,% ;
Xﬁoh s



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, ,



Gross and Sloan{ Metsaev and Tseytlin

Massless Gravitational

Srqifg:?gj multiplet of (closed) strings:

Xio tOha( spin 0 scalar (dilaton ¢)

b s spin 2 traceless symmetric rank 2
é()rséc)h
4-DIM .

action U(1) — Symmetryl By, — By, + 0p,0(x),
Sp— /d“u/_( 5 [FR+20, DM D] — e Hy HY 4 2)
=8w G Green,ﬁ Schwarz

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

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

K

PAWGAWE, Qay=AAdA+AANANA,



Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational

Sraiégéhgﬁ multiplet of (closed) strings:
Leal;
Axécf"c”"\ai spin 0 scalar (dilaton ¢)
e “s spin 2 traceless symmetric rank 2
f'orsg()h tensor (graviton gpv)
spin 1 antisymmetric rank 2 tensor
KALB-RAMOND FIELD B3,,,, = — B
124 Vi
4-DIM
action

Sk / d*x\/—g (

generalised
curvature

® = constant
throughout

ocP K —
B = Ipap-—— 0o, o TS,

Chhtorsi
ontorsion




Gross and Sloan{ Metsaev and Tseytlin

Massless Gravitational

Stp¢ : :
4 multiplet of (closed) strings:
Axic Ohag{ spin 0 scalar (dilaton ¢)
i “s spin 2 traceless symmetric rank 2
éorsgc,h tensor (graviton gpv)
spin 1 antisymmetric rank 2 tensor
kaLe-RAMOND FIELD 5, = — B, ,

N 50" X
vo<” V*°‘\' b(x) = Lagrange multiplier
.‘_ok:\p\v implementing
<0 oV xO Bianchi identity
2 ":S“ oV constraint for H,,: 43 Q
S t® % _ LHH £ TH
wv dxHoxc,RAR-FANF | 7P £

) :
1itorsion



Inclusion of Fermions

\gg:\,/%(‘v) (lem T ﬁ‘w) +\]

sy = [d'=v=g] -5

3 32
+ Shirac + /d"r\/ Fu+ \@aub)ﬁ“—i/d**x g 5J5“+...]+...

or Majorana

16 |
Fe =898 50088, vielbeins \ KR-axion anomalous

= 2 CP-Violating interaction
Job.= Wy Py ¥j  Axial Current
\ All fermion species /

torsion

wf. Cmssmauj i 4 dim: | —3 \/§80b g \/jgfuupoHqu



Inclusion of Fermions

— oy e 1 l v2d : UYpT 'A% \
g — ./d.z:\/_g[ 3 Rt 5 0b 0+ 5o ) (Ruweo B — Fu F*) + ... |.
J‘r’“—gi /d4:v —q 5JE’"+...]+...

‘Y-
KR-axion anomalous

. = - CP-Violating interaction
Vanishes for Friedmann-Lemaitre- /

Roberston-Walker backgrounds

torsion

wf. Cmssmauj i 4 dim: | —3 ﬁ@ab g \/—_QGWMH“"”



The Model

96n
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3 3
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or Majorana

JPH = i y5; Al fermion species




The Model

Av\omatj Eermas

+ St + [ atov=g (

or Majorana

J*# = iv*7°; Al fermion species
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Gravitational Anomalies & Diffeomorphism Invariance

NN

4 s
(yvaviE&ELf;)m&L d X\ —(g b( Qj) ( R,Ltl/po PEpe_ Fm/ FW/)

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

in quantum theory)

5[ / d42\/=gb Ry oo ﬁwa] 3 / diz\/—gCH 5g,, = —4 / diz\/—gC,, 5"

Cotton tensor

1

em = —5 [,Uo (50;1&;3 RV, + e R",a;a) e ( Fruov 4 ;;,;wa,i)] _ _% [(UG ﬁ)\pau);)\ 4 figes V)]

Vo =00 = Do Uibr = Wi =0z

Traceless G € =10 Jackiw, Pi (2003)



Gravitational Anomalies & Diffeomorphism Invariance

~

4 s
(yravi?:&ELf;)V\&L d X\ —(g b( Qj) ( R,Lbl/pa PEpe_ 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*2y/=gb Ry ps R | = 4 / diz\/—gCM bg,, = —4 / d'z\/=gC,., 5g""

Cotton tensor

o _ _% [va (Eauaﬂ RY,., +covob Ruﬁ;a) o ( Bruov ﬁmu)] _ _% [(Ua ﬁ)\yaz/);)\ 9 B V)]

Vo 2050 = Vo Bor = VWhie =Dz 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 L # O invariance breaking by

gravitational anomalies?




Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

-

1
pv v _uy L2 v
R 2, g R C = frma,tter
~
17 v paBys D
C "w g v R Ropys
v,

\_

Vy = Oyb

No problem
with diffeo

-

QT/U/

matter ;u

Conserved Modified

+ C,LW. — O} stress-energy

g0

tensor
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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, ) Sofa (2019-20)

absent before

forma&mh of GW
S%ﬁ—‘/d‘iw\/_g —§R+ aba“b \/3 e~ VP°+...]

>
4 Ll Iz
/dw\/_ — R+ 58,600 — /5 o -

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
S%ﬁ_/d4wv —g —KR—F 6b6"b \/3 96 VP0_|_“.]

2
4 e H
/dw\/ R+ 0, bO"b — 396n

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

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,,, ¥,) 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
Collapse/collisions of Domain walls formed in (2020)
theories with (approxmate) 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
Collapse/collisions of Domain walls formed in

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

Non-trivial i
GW present

Seﬁ—/d“w\/ [—%R+ 8,b0"b +

1
p & 4 ek - M

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 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 ’C“(W') a7

Effective action contains CP violating axion-like coupling /

: M 3 il e 3o 2
Sp = / d'zy/=g| — 55 R+ 50,60 + \QFGZ‘ —b(x) (R B

(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 / o (V —g K¥ (w))

2o &
Sg = [ d \/_[——un w4 Y29 00y (R Sl ' ]
/ D b O"b + %nga(r)(}?w,,a}? )+

/ \ Average

ds® = dt* — a*(t) [(1 — hy(t.z))dz* | | over inflationary
space time in the
+ (14 hy(t.2z))dy* | | presence of
primordial

+ 2hy (t, 2) dz dy + d2° | Gravitational waves

b(x)=b(?)

Alexander, Peskin,
Sheikh -Jabbari

/ M = UV k-momentum Cut-off

Z )
dt( gk (t)) . <RM-VPGR > P E Kz / (27t)3 2k3k ®+O(® )

Homogeneity
& Isotropy 2 K3 _ —1
O=4/-—Hbx 1 k= Mpy,
312 b= db/dt
H = const.
(inflation) a(t) ~ e''t



Solutions (backgrounds) to the Eqs of Motion

CY/ _ M—2
e /) o .o
— ay o = by ol 0
%|v=8(2°D 3961(/ M) =0 = b=1/35x¥
J : 16 , (“d%k H2
%(\/_—gICO(t)) — {Riivga ROVPT = — i K> T K*©+0(0°%)

time evolution of Anomaly

_ \/glf—;Hb x K ‘
HO(t) = Hilyn(0) exp | —3H1 (1-0.73 x 107 (i)z (L)4)]

Mp1/  \. M
g ) s 15 (%)1/2 » /CO _
M. H = const.

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

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

e [\/——g(aaz‘;—

HEEOF

2 K3 . 0 ‘
_\/;EHI)O( )C

2

= 208
a a— T —_—
396x‘[ (’))] o [b 306K

T constant}

‘ b x eiijZ-jk — constant

k

16 , (“dk H?
(Ruvpo REP%) = — 8 / s>k 9+0(0%)

time evolution of Anomaly

M = UV k-momentum Cut-off

H (1) = Hilyin(0) exp |~ 3H1 (1 —0.73 x 10~ (

H
Mp,

) (

i

Ms

))

M, H

= ~15(@

)1/2 » [ICO = const.

Planck Data H/Mpl <1074 »

Spontaneous
LV (+ CPTV) solution

to ensure constant anomaly
M/ Mg =0(103)



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 Mpy\1/2 No transplanckian
M, ~ 15( H ) |0 = const. modes !

—4 to ensure constant anomaly
Planck D »
anc ata H/MPI < 10 p = 0(103) Ms < Mp[anck

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}

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

Using slow-roll assumption b
L.

_ 102
€= 5 CITL b 10 Planck Data

Doy Bg M Elo 0, T4 M

H = H;,q ~ const.




Solutions (backgrounds) to the Eqs of Motion
= 2 a > 2.
% | V=8 (8“b—\/j #%(1))| =0 b=1/2 2 #° ~ constant
R e ¥ . 3%k T

Using slow-roll assumption b “
2.6 x 105 Mp < M < 10 Mj,

NEM + Sola (2021)

b~V2eMpH ~0.14 Mp H Constant anomaly
during inflation,

no transplanckian
modes !

o g H/M.«3.83,H~(107°—-10"Y)M
@E\/fa/ch«] / S ( ) Pl

312 Y v
= 3.83 x (10% — 10°). <104
b < H/k M. < X ( ).l Mg < 104 My,
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Solutions (backgrounds) to the Eqs of Motion

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

Using slow-roll assumption b
F_ g 2
£ = s T | Planck Data

2 (HMp,)?

biors/ e M E2o:0. 1AM H

@ end of Fix b;,isi to arrange
Inflationary  f ~ Diirs 14 Mo1 H..a t approx. constant
era end initial T 0. Pl £1infl tend condensate

tend Hing ~ N = e — foldings during appropriate

~ 55.70 time period (inflation)



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

Positive total energy density since A-term dominates

H

2 H
Protal = Py + pgcs + pa =~ M, [— 1.7 10—3(M—) i (1.17 L 1.37) % 107 (—)4] >0

Pl Mpy




Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

s Positive

A = (b(z) R, 0 R*YP°) ~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, [— 17 10—3( i ) + (1.17 L 1.37) x 107 (i)‘*] >0

Mp; Mpy

Dark Ewnerqy

(Mrunning
vacuum model

(RVM) Eype)



Gravitational Anomaly Condensates - Dynamical Inflation ]

NEM, Sola |

s Positive

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

, M-
L. Constant-like

Positive total energy density since A-term dominates

H

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

Dark Enerqy Equation of state :

“ruh\'::‘\';ﬂdet 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

b
NEM, Sola |

Positive

10" e N H* > (0 Cosmological

Constant-like

2
energy ) + (1.17 — 1.37) x 107 (%)4] >0
1p]

Equation of state :

Dark Ewnerqy

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

(RVM) F:vpe”) 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,ppo R*P°) ~5.86 x 10" e N H* > (0 Cosmological

Constant-like

Positive total energy density since A-term dominates

2
protat = o + pocs + o = 3V [~ 17x 1073 (=) {17 - 137) x 107 ()] 8
]\/[Pl ]\/[pl

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 € o 1 1 52 1 2

2 (HMp))?



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

Cosmological Evolution of RVM

W = Pm/Pm m =matter, radiation

P
— 3 2 Co
Solution 1 —. g% 2 H
H(a) — ( o V) \/D a3(l—u)(ll+wm) =Ly
e B0

Early de Sitter § Dg4(1—v) « 1 :> ;e 2
(unstable) & = (1 V)HI /a

Radiation Da4(1_V) > 1 |:> Hz ~ a3(1_y)(1+wm) . a'—4
= 113

Late dark-Energy 2

_agle - B o i s
dominated era (a) = Hg [Qmo = e QAO] €,0 dominant



Gravitational Anomaly Condensates - Dynamical Inflation ]

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

You need the condensate of
.17 — 1.37) x 107(%)4 ‘

the gravitational anomalies
which have CP-violating couplings
with the gravitational axions

it N2
Protal = Pb + Pgcs + pa = 3Mp, [— 1.7 x 10 3(M_) +
Pl

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

2 (HMp))?



Gravitational Anomaly Condensates - Dynamical Inflation ]

Cannot obtain such terms ¢

in ordinary Quantum Field Theories l : s x\‘v"*‘:g\,a“‘
You need the condensate of !
the gravitational anomalies \N\ L Oh o

which have CP-violating couplings
H
.17 — 1.37) x 107(Fpl)4 ‘

with the gravitational axions

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

RVM-like terms
Dark Energy drive inflation
(Mrunning contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bukl slow roll is due ko the KR axion fleld € ~ l 1 52 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(aal_)—\/gg(;xl’a(t))] = = [E= gglefowconstant}

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




Post-RVM-Inflation Eras & Evolution
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Ini;.:ll::ion. KR axion
dominance _
Stiff-matter GW + Anomalies
Era dominance
RV M-inflation ?
|
0O e

¥ 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
Era '  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 — —

Bossingham

=
Chiral anomalies a(t)
Remain in matter era

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



3. The Whole

- Skringy-RVM
Cosmological
- Evolution



Cosmic Summary of (stringy-RVM) Cosmological Evolution

. . S
Time gig-Bang, pre-inflationary phase Basilakos, NEM, Sola
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KR axial backround

Gravitational T
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b roA/2eMp H ~0.14 Mo H
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Primordial
Gravitational |:>
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S| era after Big-Bang chiral matter
5 generation
2| | Radiation Era @ inflation exit
©
3 i
©
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3 Leptogenesis induced by + De Cesare,
q’<:> RHN (tree-level) decays Bossingham

— — e
N[ — ¢ K , ¢ K AL In the (approx.) constant LV + CPTV background Bu — MP] b5[.10

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

o A Y
Big-Bang, pre-inflationary phase Basilakos, NEM, Sola

RVM Inflationary (de Sitter) Phase

ndiluted constant

Primordial
Gravitational
Waves

—

From a pre-inflationary
era after Big-Bang

KR axial backround
/Bu —

Gravitational
anomaly (GA) ]

b roA/2eMp H ~0.14 Mo 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
oL AL

fron processes = Baryongenesis

the (approx.) constant LV + CPTV background BH — Mp_ll 55“0

Possible potential (mass) generation for b - axion Dark matter
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Summary of (stringy-RVM) Cosmological Evolution
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Time gig-Bang, pre-inflationary phase Basilakos, NEM, Sola

forward direction

Undiluted constant
KR axial backround
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anomaly (GA) :> By = My, boyo

b/ De M Il ~s0.14 M 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 x T3 wlation of%
Leptogenesis induced by

RHN (tree-level) decays
N I — q5€
B-L consaui

V + CPTV background Bll — MP_ll E(Su()

jrocesses = Baryongenesis

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

atter Era
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Summary of (stringy-RVM) Cosmological Evolution
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Time gig-Bang, pre-inflationary phase Basilakos, NEM, Sola

forward direction
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b roA/2eMp H ~0.14 Mo H
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generation

Radiation Era @ inflation exit
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Leptogenesis induced by . .
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B-L conserving sphelaron processes > Baryongenesis /_7 B; <1022 eV
Matter Era Possible potential (mass) generation /o[ —> axion Dark matter

. H,~ 1042 GeV
btoday ~V2&'Mp Hy| - 10("60 Mp= 10-33 eV

¢ ~e=0(10"2) Phenomenology

Modern de-Sitter Era | GA resurfacing




Cosmic

Summary of (stringy-RVM) Cosmological Evolution

. . S
Time gig-Bang, pre-inflationary phase Basilakos, NEM, Sola

forward direction

Undiluted constant
KR axial backround

Gravitational . gl
anomaly (GA) :> By = Mp, bouo

b roA/2eMp H ~0.14 Mo H

RVM Inflationary (de Sitter) Phase

Primordial
Gravitational |:>

Waves

From a pre-inflationary

era after Big-Bang chiral matter

generation
Radiation Era A @ inflation exit

By x|be T3 + subleading (~ 7'%) chiral U(1) anomaly terms

Consistent with current

Bo ~ 2435 x 10—34 e V| bounds on LV & CPTV
today By < 102 eV,

Bi < 1022 eV

Matter Era Possible potential (mass) generation (/o[\ —> axion Dark matter

:  — H,~ 1042 GeV
btoday ~ V2 E/MPI Hy| = 10(-)60 Mp= 1033 eV

¢ ~e=0(10"2) Phenomenology
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Summary of (stringy-RVM) Cosmological Evolution

. . S
Time gig-Bang, pre-inflationary phase Basilakos, NEM, Sola

forward direction

Undiluted constant
KR axial backround

RVM Inflationary (de Sitter) Phase

Primordial Gravitational T
Gravitational |:> anomaly (GA) |:> Bli . MPl b6ﬁl0
W O
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 Nﬁed ko U,V\Cie.rs &th B, <1022 eV

Modern Era belbber

Dark matter

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




Cosmic

Time

forward direction

Big-Bang, pre-inflationary phase

Summary of (stringy-RVM) Cosmological Evolution

Basilakos, NEM, Sola

RVM Inflationary (de Sitter) Phase

Undiluted constant
KR axial backround

grrimordial B N ) Gravitational *I\ Bp _ ijll ;195“0
W >~ V/2EMp H ~ 0.14 Mpy H
Distinguishing feature from ACDM _
Alleviate data tensions chiral matter
. generation
Ra A ' lation exit
— today, 4 &
By prvm (H) =3M, (Co 25 %(ﬂl>
Lej
RH
N, 0< 1= 0O(1077)
ot 3 122 7 74
- —co ~ 107 ““ M
Ma K2V 0 Pl a0

Moaei i uc-oiter Lia | GAresurfacing




Goémez-Valent, Sola

Tensions A
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Ho ' o’8
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Sola, Gomez-Valent,
gessio” De Cruz Perez, Moreno-Pulido,
talks (Planck 2018 data)

Alleviation of the H,, og tension by RVM model

I /\COM

B type-l RVM
Bl type-l RVMy,,
B typell RVM

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




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

[*)]
(o2]

Integrating out graviton flcts Ao Sl ) |

P X (61 —|_CQIHH) H2 . (Cg —|—C41I1H)H4+/\

Almost-Type || RVM

in our stringy RVM
due to quantum-gravity
Corrections

type-ll RVM

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)
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Outlook
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Cosmic
Time Pre RVM-Inflationary era
RVM Inflationary (de Sitter) Phase
' rimordial Gravitational
Gravitational anomaly (GA)
Waves
c
0
-
(S
o
"
©
ys) —
S|
3 eptogenesis induced by —
q’c} RHN (tree-level) decays
117x107° eV >mp > 1.17x 10 8 ¢
Matter Era
! Modern de-Sitter Era

Cosmological (stringy RVM) Evolution: the Whole & its Parts
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M KR axial backround

g Paraphrasing
C. Sagan:
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anomalously
made of star

stuff !

pontaneous Lorentz and CPT Violation

-

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
c
0
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= ' LV & CPTV KR axial background in CMB
© in early eras.
§ Leptogenesis induced by
q’c} RHN (tree-level) decays
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
117 x107° eV >myp > 1.17x 10 8 eV
Matter Era axion Dark matter
Modern de-Sitter Era RVM-type
v Running Dark Energy
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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)
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Cosmic

Summary of (stringy-RVM) Cosmological Evolution

Time Basilakos, NEM, Sola

forward direction
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Scale factor a(t) ~ T Possibly also QCD

boc T3+ subleading (~ T'%) 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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Heavy Right-Handed-Neutrinos (N) interact with axial (approx.)

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

Produce Lepton asymmetry e

Lepton number & CP Violations N e
@ tree-level due to
Lorentz/CPTV Background
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Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background
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Contrast with one-loop
conventional
CPV Leptogenesis
(in absence of H-torsion)

Produce Lepton asymmetry

Fukugita, Yanagida,
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Early Universe  CPT Violation 4.‘ background

T>10° GeV &
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Produce Lepton asymmetry Yk -~ 10—5
Solvi
of Boltzmann = 3/2 ~ 0.007 —
eqs S re(2x)Y%m m 0
B” ~ 1MeV
Tp ~m ~ 100 TeV
Similar order of magnitude estimates Bossingham, NEM,

if B° ~ T2 during Leptogenesis era Sarkar
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Produce Lepton asymmetry

Equilibrated electroweak

B+L violating sphaleron interactions B-L conserved

é Environmental
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Observed Baryon Asymmetry
In the Universe (BAU)
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