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% The (string-inspired) Model : Chern-Simons gravity with gravitational
axions

% Origin of Gravitational Anomalies

% The role of primordial gravitational waves in inducing gravitational
anomaly condensates — weak quantum gravity estimates

% Induced Linear-axion monodromy inflation of Running-Vacuum-Model
(RVM) type (metastable de Sitter vacuum, compatible with swampland)

% Gravitational anomaly condensates and matter-antimatter asymmetry
(i.e. reason for our existence)

% Conclusions: a flash of the entire cosmological history of this Universe



‘2. The Model:
~ String-inspired
Chern-Simons gravity




Gross and Sloan, Metsaev and Tseytlin
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Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational
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Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational
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Gross and Sloan, Metsaev and Tseytlin

Massless Gravitational
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Effective Actions & Anomaly Cancellation — Addition of Counterterms

® = constant throughout, e.g. > 0 | Green, Schwarz ’

Sp = /dﬁ\/—( — [~ R+2ay]—7e—?‘lﬂw‘,m“"+ )

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

l
Hp,up — d[/—" Byp] :> H = dB + a (Q3L - Q3Y)
2
QgL:w‘ﬁ:Adwca+§w“cchdAwda, Qzy =AANdA +AANAANA,
Modified Bianchi Constraint J_L a = Mg?
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Effective Actions & Anomaly Cancellation — Addition of Counterterms

® = constant throughout, e.g. > 0 | Green, Schwarz ’
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String Anomaly Cancellation requires modification in definition of H,,,

l
H[J,I/p — d[” Byp] :> H = dB + g (Q3L - Q3Y)
2
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Modified Bianchi Constraint J_L a’ = Ms?
o
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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



CP *LMV&NQM& pseudoscalar
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CP -tnvariank
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path-integration
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KR-axion anomalous
CP-conserving interaction with gravity

o

C“f. dassiaauj i 4 dim: | —3 ﬁ@ab — \/jgeuupaHqu
b-field “dual” to H-torsion



Inclusion of Fermions
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The Model
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The Model
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Vanishes for Friedmann-Lemaitre-
Roberston-Walker backgrounds




The Model
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The Model

Anomatv Eermas
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3. Gravitational
(Chern-Simons)
Anomalies



NB: Anomalies in Quantum Field Theory:
Classical Symmetry - Conserved Current

Quantum Theory: Failure of current conservation in
ANY REGULARIZATION of the quantum theory

or equivalently:

Path-Integral measure NOT INVARIANT under symmetry transformation
Fujikawa |

OF INTEREST HERE: GAUGE & GRAVITATIONAL
CHIRAL ANOMALIES

CHIRAL FERMIONIC LOOP in graphs with
1+D/2 external legs (gauge fields or gravitons)
in D- space-time dimensions D=4 - triangular graphs

IR,

Alvarez-Gaume, Witten



NB: Mixed Anomalies (Gravitational + Gauge)
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NB: Mixed Anomalies (Gravitational + Gauge)
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NB: Mixed Anomalies (Gravitational + Gauge)
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Contributions to Stress tensor YES NO



Gravitational Anomalies & Diffeomorphism Invariance
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of stress tensor does NOT
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invariance affected stress tensor

in quantum theory)
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Cotton tensor
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Traceless G €M =10 Jackiw, Pi (2003)



Gravitational Anomalies & Diffeomorphism Invariance
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in quantum theory)

5| / d*0y/=gb Ry p BH77| = 4 / d*z\/—gCH 5g,, = —4 / d*2\/=gC, 5"

Cotton tensor
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to vacuum energy



Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation

1
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4 I
CHv  — 1 oV Raﬂ’yé E
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{ Tmatter ’,u C'LL # invariance breaking by

ravitational anomalies ?




Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation
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The Model in Early Universe:

Basnakos NEM,
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only gravitational d.o.f. (b, g,,) Sola (2019
eff 4 1. 2 o oo
Sp :/dl\/_[ 5 u 3 96 < (@)R#UPOR#P +]
d'z ‘/_[ < \ﬁ Y 5 b(x) K"+ ]
2n2 2 3

/




The Model in Early Universe:

BasHakos NEM,
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only gravitational d.o.f. (b, g,,) Sola (2019
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Chiral Fermionic matter & radiation fields are supposed to be generated
by the decay of the false (running) vacuum (cf below) at the end of inflation

A



The Model in Early Universe:

Basilakos, NEM,
Sola (2019-20)

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

absent before
formation of GW

. WL po
3 9%“”%( 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: Basilakos, NEM,

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

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

BasHakos NEM,
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Primordial Gravitational Waves




The Model in Early Universe:

Basnakos NEM,
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Potential Origins in pre-inflationary era?

only gravitational d.o.f. (b, g,,) Sola (2019
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Basnakos NEM,

The Model in Early Universe:
Sola (2019

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

4 )
S’ = /d4“"/_[ 3 06 &

/d4”"/_[ 212 \/ggc;n ()’CM“']’
\_ /

Primordial Gravitational Waves NEM,Sola
Potential Origins in pre-inflationary era? Enggﬁ-r
(i) merging of primordial Black Holes formed ( )

from collapse of massive brane/stringy defects

), \/2 o (a:)R#,,poR“”P"-{—...]

pO| = DO




The Model in Early Universe: Basilakos, NEM,
only gravitational d.o.f. (b, g,,) | >°2(2019-20)
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Khlopov, Malomed, Zeldovich, 5 o
— / Hawking, Page, b \/Z ~ 9,b(z) K" + ]
Ricotti, Ostriker, Mack, 3 96 K
k Clese, Fleury, Kuhnel, /

Peloso, Sandstand, Unal,

Sendouda, Yokoyama, .... .
Primordial Gravitational Waves NEM,Sola

Potential Origins in pre-inflationary era? E(ZP(\)ng;I'

(i) merging of primordial Black Holes formed
from collapse of massive brane/stringy defects

Ellis, NEM, Nanopoulos,
Sakellariadou, Elghozi, Yusaf....



Basnakos NEM,

The Model in Early Universe:
Sola (2019

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

4 )

1 2 o
Seff /d‘la,\/_[ \/3 T (a:)R#,,poR“”P"-{—...]

/d4”"/_[ 22 1 %‘“‘ \/ggc;n ()’CM“']’
\_ /

Primordial Gravitational Waves NEM,Sola
Potential Origins in pre-inflationary era? Engzﬁ-r
(ii) Collapse/collisions of Domain walls formed in ( )

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: Basilakos, NEM,
only gravitational d.o.f. (b, g,,) Sola (2019

4 )

o 1 2 o oo
Seff /d%\/_[ \/§ 3o b(@) Ryupo BH7 +]
d'z /4| - f Bub(x) K* + .|
2n2 2 2 06 k B
\_ Zeldovich,Kobzarev, Okun, ~Lalak, Ovrut, Takaha{shi, Y
Kibble,Vilenkin, Sikivie, . Lola, G.Ross, Yanagida,
Gelimini, Gleiser, Kolb, ... Thomas Yonekura .
Primordial Gravitational Waves NEES"’SSC_’I!a
Potential Origins in pre-inflationary era? (2620)

(ii) Collapse/collisions of Domain walls formed in
theories with (approxmate) discrete symmetry
breaking, e.g. via bias in double-well potentials of | E|lis, NEM,

some condensate (gravitino or gaugino) Alexandre,
Houston




The Model in Early Universe: Basilakos, NEM,

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

Sola (2019-20)

V(o)

W b O-

Zeldovich,Kobzarev, Okun, Lalak, Ovrut, Takaha_Lhi,
Kibble,Vilenkin, Sikivie, Lola, G.Ross, Yanagida,

Gelimini, Gleiser, Kolb, ... Thomas Yonekura
Primordial Gravitational Waves
Potential Origins in pre-inflationary era?
(ii) Collapse/collisions of Domain walls formed in
theories with (approxmate) discrete symmetry
breaking, e.g=Via bias in doubtecwell potentials of,

somelcondensate (gravitino)or gaugino)

SUGRA broken
gravitino
Condensate

. / stabilised >
RVM GW-induced Inflation

NEM,Sola
EPJ-ST
(2020)

Alexandre,

Ellis, NEM,

Houston



The Model in Early Universe: Basilakos, NEM,

Sola (2019

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

/ Non-trivial if

GW present
S - >
2h2 2 3 96 n
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Primordial Gravitational Waves ]
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Basilakos, NEM, Sola |
Dorlis, NEM, Vlachos




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

Sola (2019

Basnakos NEM,
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Chern-Simons (gCS)
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Condensate < ...>

Primordial Gravitational Waves -
of Gravitational Anomalies

gCS = \/;

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

Sola (2019
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Gravitational Anomalies
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vV —9KH(w).
Effective action contains CP violating axion-like coupling / g

2 of 4
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1 1. .. 2a
eff 4 o = Al :
Sg /d. 2;{.2R+20"b0 b+ gﬁm/lg(:t) G
/ \ Average
ds® = dt* — a*(t )[(1 — hy(t,2)) da? over inflationary
space time in the
+ (14 hy(t.z))dy* | | presence of b(x)=b(t)
) primordial Al T
+ 2hy(t, 2)dx dy + dz itati eéxander, Feskin,
_ (t,2) | Gravitational waves Sheikh —Jabbari

/ Lyth, Rodriguez, Quimbay
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(Ruvpo R*VP°) = ;8 / >k 0+0(0%)
2 K3 — M
0= 312Hb<<1 k= Mpy,
U = low-energy b=db/dt

UV cutoff ~ Mg

H = const. =
(inflation) a(t) ~ e
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/ \ Average

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

+ 2hy (t, 2) dz dy + d=° | Gravitational waves
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Alexander, Peskin,

- Sheikh —Jabbari
/ ALyth, Rodriguez, Quimbay
. “d3k H2 ,
EFT (Ruvps R*YP) 555 KO+ 0(®3)>
/
2 K3 _ -1
O L S
U = low-energy b=db/dt
UV cutoff ~ Mg H = const.

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



Revisiting-Reestimating
the
Calculation of Condensate

In wealk quah&um-gravt&y

is, NEM, Vlachos

D in press

Dorlis, NEM, Vlachos
2404.18741 (PoS Corfu 2023)



https://arxiv.org/abs/2403.09005

(‘on‘é Alexander, Peskin,

e " .
(OX Sheikh —Jabbari
Lyth, Rodriguez, Quimbay

Revisiting-Reestimating
the
Calculation of Condensate

In wealk a‘uanl:um-gravttj

e ——

lis, NEM, Vlachos
ive:2403.09005 [gr-q
RD in press

Dorlis, NEM, Vlachos
2404.18741 (PoS Corfu 2023)



https://arxiv.org/abs/2403.09005

Dorlis, NEM, Vlachos, arXive:2403.09005 [gr-qc], PRD in press

R 1 ’
S£ d:r v—g [ —E(aﬂb)(a“b)—AbRcs] . _4=‘/20
3 48k

_Seff
<RCS >= - uupaRMVpU / Dnguue R/,LI/pO'RMVpO- = constant

WE DO NOT KNOW THE FULL QG THEORY!


https://arxiv.org/abs/2403.09005

Dorlis, NEM, Vlachos, arXive:2403.09005 [gr-qc], PRD in press

_ _(a b)(8"b) — Abch] R e
3 48K

[l

~ eff =~
2<RCS >= -<RuupoR'upr> :'/ Dnguue_S R,ul/paRMVpa = constant

WE DO NOT KNOW THE FULL QG THEORY!
Only Estimate at Stationary points of Seff

5Seff B 5Seff

55 g


https://arxiv.org/abs/2403.09005

Dorlis, NEM, Vlachos, arXive:2403.09005 [gr-qc], PRD in press

’

geft /d‘:r\/_ [ --(a b)(8"b) — AbRcs] . A= \/ga

48K

~ eff =~
2<RCS >= -<R,u1/paR'quJ> :'/ Dnguue_S R,LWpaRLWpU = constant

WE DO NOT KNOW THE FULL QG THEORY!

EFT approach Only Estimate at Stationary points of Seff
in expanding universe
2 _ 42 2 B N i3] . (x) hy hx O
ds dt? + o®(t)(8;; + hy;)daida’  hy; h+e ) 4 h, 3% hol= |he —ne o
GW tensor perturbations 0 0 0
A=R.L
hij(t,Z)=hp e +hpe;’ = Y hy(tF)e), Chiral GW waves
’ AL R needed for Res# © A


https://arxiv.org/abs/2403.09005

Dorlis, NEM, Vlachos, arXive:2403.09005 [gr-qc], PRD in press

’

g/dar\/— [ (a b)(8"b) — AbRcs] » A= \/g;;h:

~ eff ~
2<Rcs >= ~(Ruvpoe RI'P7) == / DbDg,e™®  Ru,0 R = constant

WE DO NOT KNOW THE FULL QG THEORY!

EFT approach Only Estimate at Stationary points of Seff
in expanding universe

h h 0
hij =h e(+) + hy e(x) R
GW tensor perturbations 0 0 0
hy;(t, &) = hy, eg;) +hp = 3 it x)e(*), Chiral GW waves ii
AL R needed for Res# ©
hi; = K : , :
y AZ\:/ (27r)3/2€ a\/l —l,\I;;LCS(U) . L—R and k k
1AV K? (R) 1 () (x) 1 1 ‘0 (L)
LCS(U) = kE ’ ‘S = ’ b/ =db dn €ij s +1 |€;; =—=1t -1 0| = |&
conformal time @ / [ ’ ] ‘/i([ ] [ ’ ]) V215 0 o [ J ]


https://arxiv.org/abs/2403.09005

Canonical quantization of weak gravity

; ' = ' = d*k ik-# - " o
Introduce complex scalar fields ~ ¢(n.%) =v.(n.%) = [ m55¢ Uopm),  dp=1v.;
el = - _ &k iaz H* . —
¢*(n, T) = Yr(n, T) = /WC’ z»L-R,E(Yl)-. £~ YRE
Quantum operators A .
: Qo . — V-&v * bt
(creation,annihilation br(m) = Vgd +vIgbTr, | Rodriguez, Quimbay
acting on appropriate As s e a4
vacuum state |0> ¢_k(n) = vgby + 0 a7 ;.
(Bunch-Davis)
~ - ( )
PR S R o=, et =1z, bE | =6® k- k)
“rk =N YRk . 2o % T % YR
L,k “R.k
& the rest zero
ZA’E('I]) — le\/l — l)\lELcs(?]) k )

2i

(Rcs) = —5 [(02h,0.hg) + (RO W) — (02hrd.hY) — (WO hT)]

ol

<. . > — <O‘ e |O> Trivial for non-chiral GW
Keep ALL terms (further to approximations made in  Lyth, Rodriguez, Quimbay )

Dorlis, NEM, Vlachos, arXive:2403.09005 [gr-qc], PRD in press
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Canonical quantization of weak gravity

>k
(2m)3/2 ¢

Introduce complex scalar fields @0, %) = ¥L(1.7) =

&) = Yr(n, %) = /We
Quantum operators

d*k ik-2 7

. TT ~ — Ny ¥ +
(crt(.aatlon,annlhllat.lotn br(m) = Vg +v7 b7y, Lyth, Rodriguez, Quimbay
acting on appropriate AS s e ad
vacuum state |0> ¢_k(n) = vgby + 0 a7 ;.
(Bunch-Davis)
Uz 'U;}' 1. -+ ; 53) (2 — J
upg=rK——, Upp =K [ag “E']:[blg’ ]_O()(k_l‘)
LR ’ “R,k .
the rest zero
Z)\,E('T]) = C}:\/l — lAlELCS(U) \
2 e d3ll 3 oy *I 1 */
(Rcs) = J/ (2ﬁ)3l [L (“L FUp— UpiU R,k) +k ( ‘REYRE T '“L,E'“L,E)]




Canonical quantization of weak gravity

H 1 — I — dBk ik-® T g i
Introduce complex scalar fields ~ ¢(n.%) =v.(n.%) = [ m55¢ S0, Sr=ULz
L% N\ — o =\ d’3k il;-i"ﬁ: Tr T
o*(n, T) = vr(n,Z) = /We #’R,z;(ﬂ)-. £~ YRE
Quantum operators A .
. s - — V- * Bt
(creation,annihilation R(m) =Vgag + 07 b7y, Lyth, Rodriguez, Quimbay
acting on appropriate A a e ot
vacuum state |0> ¢_xk(n) = vgby +07za7 .
(Bunch-Davis)
Ug 'Ul;é (A— N f— 14 “(3) (T, T
wE= R UpE = R az o] =i 0L | = 6@ - R)
L, “R.k
& the rest zero
zyi(n) = Gﬁ\/l — I\lzLcs(n) \_
<R > _ i O@(P? [- A3 */ */ + k */ " */
CS) = 14 ()3 YLE'LE T YREYRE Up RURE ~ UL RULE

()=

M = low-energy
UV cutoff ~ Mg

A




Canonical quantization of weak gravity

. , — | — d°k ik-# 7 - T
Introduce complex scalar fields ~ ¢(n.%) =v.(n.%) = [ m55¢ U Em), G =Yg
.l A - _ &k iaz B . — b
¢*(n, %) = Yr(n,7) = /W‘-’ YrEm):, 1 z=YgrE;
Quantum operators A .
: oo ~(n) = -4 * bt
(creation,annihilation pe(n) = RQp + "—Eb_n-’ Lyth, Rodriguez, Quimbay
acting on appropriate As s e A
vacuum state |0> ¢_k(n) = vgby + 0 a7 ;.
(Bunch-Davis)
- , (
w o= h By = gk 6z, ot | = bz, bt | =@k -k
Up g =R - R.k . R T TR TR
“L, “R.k
& the rest zero
,z)\,,;(n) = a\/l — IxlzLes(n) \_ W,

H, =~ constant
during inflation

M = low-energy
UV cutoff ~ Mg A

7
~—
|
7~
<
=
~~—



Canonical quantization of weak gravity

¢k gz~ g o

Introduce complex scalar fields (1. %) = v.(n.%) = [ mosme™ vegm), 9 =Vog
. - , . &Pk gz~ ~, ~
@ (7], 1’) = 'wR(Y], 1?) = /WC k i‘wR,E(n)" i — -"JR'E_,
Quantum operators A o . 3t
. i n . — — )
(Crtt_eatlon,anmhllat_lotn Pr(m) = VA +V2gbTps | Rodriguez, Quimbay
acting on appropriate s s e ad
vacuum state |0> ¢_k(n) = vgby + 0 a7 ;.
(Bunch-Davis)
il V= (- )
’L—o / A A — —
g v o — ek = oA+ = | s
Up 7= h,zL . Up § hﬁiR : [QE QE'] = [bE , bE'] O (k—k")
’ & the rest zero
2z () = Qf\/l — I\lzLes(n) \_ J

If you have N
sources of GW
Linear superposition
of GW perturbations

() =(0]...[0) K'=Mp [u=loweneroy] Lo

UV cutoff ~ Mg

H, =~ constant
during inflation
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s
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Condensation dae@
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Basilakos, NEM, Sola |




Homogeneity
& Isotropy

e [\/——g(aai)—

Solutions (backgrounds) to the Eqs of Motion : .
Seef= [d'zy=g]- 55 R+ 6b6“b \F 2 g (@) KF + .. ] o =M,
/ o T ~V3096k M
2
396k

2 o

3 96KJ£/°~constant

Jifa(t))] -0 = b=




Homogeneity Solutions (backgrounds) to the Eqs of Motion
& Isotropy

Sgeff = /d“x,/_[——RJr aba”b—\/g% Oub(z) KH + .. ] 3

_ 2 -
b—4/ = 0
\/;961( 396&'% ~ constant




Homogeneity Solutions (backgrounds) to the Eqs of Motion

Sgeff— /d4x\/_[——R+ 6b(9“b—\/gg6l8b(a:)lC"+ ]

i)—\/E ) b
V 396k 306K

& Isotropy

J = low-energy FLRYV
UV cutoff ~ M, spacetime

PlanckData ] /Mp; < 107°

XO

constant

HO (1) = Kl in(0) exp[ 3Ht(1— 0.5N, 10~ (

H
Mp,




Homogeneity Solutions (backgrounds) to the Eqs of Motion
& Isotropy

Sgeff — /d4x\/_[——R+ 6b6"b—\/g% Bubla) K + .| | ——=

_ 2 - 2 o
h—4[|Z y —/= 0 ~ constant
\/;961( 396K constan

U = low-energy FLRYV o
UV cutoff ~ M, spacetime S
Planck Data [ /)N[p; < 107° time evolution of Anomaly

A0 = Ay O exp [ ~3H1 (1- 0.5 8, 10 (37-) (42)7)

to ensure approximately constant 0 Spontaneous
anomaly current during inflation JC” = const. LV solution

» N, ~0(10" )] @ the beginning of RVM inflation



Solutions (backgrounds) to the Eqs of Motion

/ . /
ot [\/—g(aal_y—\/ggzklfa(t))] =0 = [E= ggzxfowconstant}

B ~ Eiijwk ~ constant

Spontaneous
LV solution A
Parametrisation

(constant spatial
components of H-torsion)

@ end of .
Inflationary APV ,
ora b 2eMp H

H = H;,q ~ const.

How can we estimate € ?



4. Grav. Anomaly
Condensates

&

inflation



The Parts

Basilakos, NEM, Sola '




The Parts

Axion-monodromy-
like Linear inflation
(cf. string theory )

Condensation dul
to L i Grravitd

Dorlis, NEM, Viachos |



Torsion axions, Condensates & Inflation

1 1 2 o - ~
Sl — /d*r,/—_g[ 5 R+ 58,69+ \fﬁg?;h- b(z) (Ruvpo RH7*" — Fp, F"") +. ]

Primordial string Universe Gravitational Waves (GW): e.g. from collapse of (rotating) primordial black holes (PBH)
sourced by Torsion-induced axion field b(x)

DUV PO nstant
b X R’u,ypo'R /{:O sta

—_~

LV po
can induce Condensafes of gravitational Chern-Simons terms <R/JJVP0' R >

Compute using weak (perturbative)
e \ Quantum gravity techniques
With GW perturbation modes

Condensates lead to linear axion potentials
Lyth, Rodriguez, Qiumbay

NNV 4 Alexander, Peskin, Sheikh-Jabbari
kV (b) > b (ZC) <R/“/ PO R > P Dorlis, Vlachos, NEM 2403.09005 [gr-qc]

(cf. string/brane theory linear axion monodromy potentials:
Silverstein, Mc Allister, Westphal, ..., but here different origin )




Dorlis, Vlachos, NEM 2403.09005 [gr-qc]

Linear axion potential and Running Vacuum Model (RVM) Inflation

[Dynamical System approach to inflation J

- .2
2H + 3H? = —&? (% - V(b))

B+3Hb+‘f,b=0

T = cosp , Yy = sing -

y = —§y !—:c2 +y2 -1+ ﬁ/\x]

V2
V3

' = —g lQa:—m3+:v(y2 -1) — —)\yQI

2 /3

N =—-V6(—-1)\z

=
i
|

KV Vi b

6
@ = (300890 = gA) sin ¢

N = —V6(I' = 1) % cos ¢




0.8

0.6

0.4

0.0

\_/
\_” P
P

I
)Ny < 1/3

Inflation
(exponential
Expansion wy, =-1)

Dorlis, Vlachos, NEM 2403.09005 [gr-qc]

¢ — ¢ plane.



, 6
A @ = (3cos<p—\/7_%c

¢ = —V6(I' = 1) cose

) . Dorlis, Vlachos, NEM 2403.09005 [gr-qc]
sin g

The condensate (RMVPJR’W’OG) induced

by quantum graviton fluctuations of chiral

' quati'o'n_qf VSvta't'e,vwb' (left-right asymmetric) GW type

' — 72006
: -- 4=0.07 ]
: ........ 3=0.09 ] total /‘l
' - on ] -Re (RCS> N[ bIHI
v loga
s} : : _
N . J i A \F o'  String EFT:
A0 —— P — = = ,
L . T ] . u= M= (a’)?
0 10 20 30 10 50 348« ’
N,

Evolution of equation of state for the orbits of the linear b-potential phase space

For some initial value of Pi inflation with e-foldings N, > 50 is achieved for { < 0.06 (inflation - saddle point)



V6 ¢ Dorlis, Vlachos, NEM 2403.09005 [gr-qc]
_ A SOI: 3COS<,O—TE Sincp N
A+1 ¢ = —\/(_S(F _ 1)<2 coS The condensate (RMVpUR”VpU> induced
. . by quantum graviton fluctuations of chiral
BaS|_Iakos, NEM! Sola L \‘ | (left-right asymmetric) GW type
: 4 g“e(% ]
. o 4.4  Hubble
: \‘30 e total Ak 5
: \(\“% \‘\I\"’\‘Q -Re (Ros)™™ =N — by H}
@0‘3\) 0‘?\ “& loga GW
Cy ] sources
Ukt
V\ ] UV cutoff
05 : Q - Cy ] of graviton
- > K ] A \/5 o  String EFT: modes
-0 , — — — .. ] “\ 318k u= M= (a)2
0 10 20 30 40 50
Ne

Evolution of equation of state for the orbits of the linear b-potentiekphase-spass

For some initial value of Pi inflation with e-foldings N, > 50 is achieved for { < 0.06 (inflation = saddle point)
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Dark Energy

(Mrunning
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Basilakos, NEM, Sola |




N ’ _ Dorlis, NEM, Vlachos
o Metastable Inflationary Vacua 2404.18741 (PoS Corfu 2023)

Compatibility with swampland (Ooguri, Vafa, ...) é

CONDENSATE WITH CUTOFF GRAVITON MODES HAS IMAGINARY PARTS

(ENVIRONMENT OF MODES WITH MOMENTA ABOVE THE CUTOFF pu)

Consistent
with ﬁINSTABILITY OF CONDENSATE PHASE = FINITE LIFE TIME OF THIS PHASE

swampland
—> CONSISTENT WITH 50 e-FOLDINGS AS STEMS FROM DYNAMICAL

SYSTEM ANALYSIS !

Equation of State, wp Phase Portait for the Linear Potential

[T B — 10f M _m ]
v W i — 006 ¢ — y plane. o T . /'- '
: ] [ \ ‘\\ \ s St S / 1
3 \ ~. - -~ / -

. : v ome= 20,07 g \ AN - ey )!
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N * _ Dorlis, NEM, Vlachos
o Metastable Inflationary Vacua 2404.18741 (PoS Corfu 2023)

Compatibility with swampland (Ooguri, Vafa, ...) é

CONDENSATE WITH CUTOFF GRAVITON MODES HAS IMAGINARY PARTS

(ENVIRONMENT OF MODES WITH MOMENTA ABOVE THE CUTOFF pu)

Consistent
with HINSTABILITY OF CONDENSATE PHASE = FINITE LIFE TIME OF THIS PHASE

swampland
—> CONSISTENT WITH 50 e-FOLDINGS AS STEMS FROM DYNAMICAL

SYSTEM ANALYSIS !
o ny 2\
16Abu - (H,)“ 21 p Aub

4 2 T 10 2
TMp n)o\10 Pl

Im ((R”Vp(,ﬁv”P“)) =

They induce imaginary parts tn the Hamiltonian of GW
perturbations | obA2hT
) v ATbp

1 _
_ [ 5L vipory |
lm((]-()_/dx2Ablm((R,,,,p(,R ) ~Vis = T

2472

v3) denotes the de Sitter 3-volume vy 7E - =27
ds ds VEA
Pl

A~ 3H; TE=Euclidean time



N * _ Dorlis, NEM, Vlachos
o Metastable Inflationary Vacua 2404.18741 (PoS Corfu 2023)

» Life time of Inflationary vacua
7 ~ (ImH) ™!

To ensure TE < (50 — 60)1—11—l (phenomenologically consistent

inflation duration)
TH2MS Mot \3

 64bA2HM] M,
Restriction on the string scale A

HIT




The rate of KR axion background during Inflation

V6 ¢ Dorlis, Vlachos, NEM 2403.09005 [gr-qc]
A ¢ = |3cosp — —-—— |sing
¢ = 21— ~
A+1 ¢ = —\/(_i(F - I)CQ cos The condensate <R“VPUR“VPU> induced
by quantum graviton fluctuations of chiral
"""""" Tt‘\e ?el'lav‘ior'of'b cllur'ingl inflation . (|eft-right asym metric) GW type
st P

Ard At Hubble

H, M, -Re (Rcs)wtal — N[ 3 1)1];1}3
140—- ' _ L" GW
- | sources

‘ UV cutoff
s A of graviton
: k : A= \/5 o’  String EFT: odes
I N 2 TV 348k M= M=(a)?
v by ~ IO_IHIJWPI

Evolution of equation of state for the orbits of the linear b-potential phase space

For some initial value of Pi inflation with e-foldings N, > 50 is achieved for { < 0.06 (inflation = saddle point)

b 7 =~ constant



The rate of KR axion background during Inflation

V6 ¢ Dorlis, Vlachos, NEM 2403.09005 [gr-qc]
A ¢ = |3cosp — —-—— |sing
¢ = 21— ~
A+1 ¢ = —\/(_i(F - I)CQ cos The condensate <R“VPUR“VPU> induced
by quantum graviton fluctuations of chiral
"""""" Tt‘\e ?el'lav‘ior'of'b cllur'ingl inflation . (|eft-right asym metric) GW type
st P

Ard At Hubble

H, M, -Re (Rcs)wtal — N[ 3 1)1];1}3
140—- ' _ L" GW
- | sources

‘ UV cutoff
5[ fommemmmmee e sl of graviton
: k / : A= \/5 o' String EFT: modes

[ N ."'.'"' ~V348k K= M.=(alz

by ~ 10" H; Mp,

Evolution of equation of state for the orbits of the linear b-potential phase space

For some initial value of Pi inflation with e-foldings N, > 50 is achieved for { < 0.06 (inflation = saddle point)

b 7 =~ constant




HQM@Q Solutions (backgrounds) to the Eqs of Motion

_ 2 o > 2 o
J— a —_ —_ w & — — —_ ON
o [\/ g(a b \/;961(% (t))] 0 = [b 3961(‘%/ constant}

B ~ Eiijwk ~ constant

A by ~ 107 Hy My, Spontaneous
LV solution A

Parametrisation (constant spatial

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

H = H;,q ~ const.

components of H-torsion)

e = 0(102)




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




5. Post-inflationary
RVM era &
Matter-antimatter

asymmetry
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Dark Enerqy

NN -V\
( running @ é.fo\\/.‘k-

VOCLRU model Striy,
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Violating
Lep&og:nesas - oA Fot
wakter- @ “%LO&LC;
ankimatter @L‘l\“"“&
Asymmetry exker

wn§ Lakon?

Basilakos, NEM, Sola
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Dark Enerqy
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Leptogenesis

&

wakter- @
ankimatlber
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Skandard Model
Extension £FT

Basilakos, NEM, Sola



The Parts

Dark Enerqy

(\\‘nu,V\V\iV\S | @ - E',. OV\O‘
vacuum z\’“’dd 9gr S@‘rémsj &T&Vﬁo\:&s %
E'jFQ ) . Qv;f-qééc)h oane
AX(ZQ al

Violating
Leptogenesis

&

wakter- @
ankimatlber

Asvmme&rj

Skandard Model
Extension £FT

Basilakos, NEM, Sola



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

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

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

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

b o< T° + subleading (~ T?) chiral U(1) anomaly terms

Viewed as sufficiently slow moving to induce Leptogenesis  Bossingham, NEM,
Sarkar (2018)



Cancellation of Gravitational Anomalies in Radiation Era
by:

Chiral Fermionic Matter generation @ end of Inflation

_ 4 . - - - u \V/ [T |

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

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

b o< T° + subleading (~ T?) chiral U(1) anomaly terms

Viewed as sufficiently slow moving to induce Leptogenesis  Bossingham, NEM,
Sarkar (2018)



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

sufﬁc:iem&i.j slowly varying during leptogenesis
(brief) epoch > quati&a&iveij similar to

approximately const. background Bossingham, NEM,

Sarkar




Lorentz- & CPT-Violating

Leptogenesis >

2 Baryogenesis

th models with Massive
Right-handed Neulrinos




Early Universe
T>> Tew

NEM, Sarkar,
+ de Cesare, Bossingham

L —=iNJN — %(FN +NN¢) - NB+*N — YiLxdN + h.c.




Early Universe
T>> Tew

Heavy RHN interact with axial (apprOX|mater onstant backgroun

with only temporal component B, #0 B, = Mp,’ b5“0

STANDARD MODEL
EXTENSION EFT

NEM, Sarkar,

+ de Cesare, Bossingham

L =iNJN — —(NeN + NN°)

kak(;t;.‘\r + h.c.

N

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

£ = LgTs,y — My,

Lorentz &

CPT Violation

[ o

M=m+ auy”%H””Guu

(LV coefficients are v.e.v. of tensor-valued field quantities )

f Spontaneous Violation of Lorentz Symmetry

B, = constant is H-torsion background in our model




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

Early Universe

T>> Tey
Heavy RHN interact with axial constant background
with only temporal component Bg # 0
Produce Lepton asymmetry el
Lepton number & CP Violations N R

@ tree-level due to
Lorentz/CPTV Background

N —=1T¢ N —=17¢ 1
fr B Yi|? m? Q+ By r.o_ Z Y| m? Q — By CPV & )
l—zk:BQﬂ'ZQQ—BO # . 3272 O Q+ By LV

Bo#0

. Q= /B3 + m




NB~*N —YiLidDN + h.c.

Constant B, Background

Early Universe  CPT Violationre
T >> Tew ke Y

L—iN§gN — Tm(WN MY N<)

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 | , _ iNGN — ?m(WN +NN¢) — NB+°N — YiLidN + h.c.

Constant B°# 0

Early Universe CPT VIOIatlon ‘.'1; background
T >> Tew <
Lepton number & CP Violations @ tree-level B
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forward direction

VbQCD o~ A?QCD (1 — COS

Aocp ~ 218 MeV

@ QCD
era

Compatible with
QCD-Axion
Phenomenology

) _ . |GeV| .
1015 1010 1014 f [ ]1012 101(] 10\

Existing Axion Limits in QCD Band

Black Hole Spins Existing Haloscopes Astrophysics

DOE G2 and DMNI Targets

DMRadio-m?
ADMX G2 and EFR

Future Project Targets

]
e __Bvoo

CASPEr HAYSTAC

SRF-m? MADMAX ﬂ
L] TN
ALPHA LAMPOST
DMRadio-GUT SQuAD Quasiparticles

Next-Gen Ultimate Axion Facility

6 o - ) )

R I R R S S S\ SR\ S VR VR SR\

Ma [eV]

—0 Instanton-effects-induced
my = 1 . 15 X 10 eV KR-axion potential and mass

atter Era

Possible potential generation for b > axion Dark matter

due to QCD chiral anomaly



https://cds.cern.ch/record/2855525?ln=en
https://cds.cern.ch/search?f=author&p=Adams%2C%20C.B.&ln=en

Summary of (stringy-RVM) Cosmological Evolution

Cosmic
Time 5 Basilakos, NEM, Sola
~ Agep |
KR mass: mp =
To
- Inflation pheno
b 3 K
yQCD _ A4 CD(l — cos(— \/7 M
b 9 f b MPI o
S =1.7x102 M
S| Aacp ~ 218 MeV ' Pl
2 But in string theory
© : : the scale Ain the
Compatible with
'§ @ QCD QCD-Axion instanton potential V,
2| era Phenomenology might be different
& —0 Instanton-effects-induced
My = 1.15 x 10 € KR-axion potential and mass
due to QCD chiral anomaly
" Matter Era Possible potential generation for b > axion Dark matter




Cosmic
Time

forward direction

Summary of (stringy-RVM) Cosmological Evolution

Basilakos, NEM, Sola

KR (gravitational or modet-*i.mdepevxo\.ev&) axions
connected to ““torsion” in skring theor
> Greometbrical origin of Dark Matter

Matter Era

Possible potential generation for b - axion Dark matter




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 B, = Mgll b 6Ll0
anomaly (GA)

EN V2e€MpH ~0.14 Mp  H

RVM Inflationary (de Sitter) Phase

Primordial
Gravitational |:>

Waves

From a pre-inflationary

era after Big-Bang chiral matter

Nnanaratinn

Radiation Era OUTLOOK: Incorporate other

model-dependent stringy
By T3 Cancellation axions. -> AXxiverse
Leptogenesis induced by Interesting Cosmology

RHN (tree-level) decays ld b(e!. 14 c.lll."s:+2 l5);[0N t
— C E
I | ou e ultralight > A e

B-L conserving sphelaron processes = Baryongene —

Matter Era Possible potential generation for b > axion Dark matter




Cosmic Summary of (stringy-RVM) Cosmological Evolution

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

Undiluted constant
KR axial backround

Gravitational B, = Mgll b 5“()
anomaly (GA)

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 (treczlevel) d_ecays
N I — ¢ 14 , ¢ 14

B-L conserving sphelaron processes = Baryongenesis

forward direction

Matter Era Possible potential generation for b > axion Dark matter

: N ,
Modern de-Sitter Era | GA resurfacing btoday ~ V' 2€ Mpi Hoy
v ¢ ~&=0(10"?) Phenomenology




Cosmic

Summary of (stringy-RVM) Cosmological Evolution

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

forward direction

Undiluted constant
KR axial backround

Gravitational B, = Mgll b 6ﬂ0
anomaly (GA)

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 A @ inflation exit

By x|be T3 + subleading (~ T'%) 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 generation for b — /{or: Dark matter

: e H,~ 1042 GeV
btoday ~ V2 S’MPI Hy| = 10(-)60 Mp= 1033 eV

¢ ~&=0(10"?) Phenomenology

Modern de-Sitter Era | GA resurfacing




Cosmic

Summary of (stringy-RVM) Cosmological Evolution

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

forward direction

Undiluted constant
KR axial backround

RVM Inflationary (de Sitter) Phase

Primordial Gravitational B, = Mgll ;5“0
Gravitational |:> anomaly (GA)
W -
aves b~\2eMpH ~0.14Mp 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

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




Cosmic

Time gjq_Bang, pre-inflationary phase

forward direction

RVM Inflationary (de Sitter) Phase

Summary of (stringy-RVM) Cosmological Evolution

Basilakos, NEM, Sola

Undiluted constant
KR axial backround

Primordial B N / Gravitational él\ Bu — Mgll 55”0

Gr
W.

Distinguishing feature from ACDM
Alleviate cosmological data tensions

Ra«

EC | peve(H) =3M% <q, }-D<M
Lej I

;;; | v =0(107")

B-L "3

M |l ez Co ~ 107122 Mg, &5

Moae: i uc-oiter Lia | GAresurfacing

5 ~o /2€Mp H ~ 0.14 Mp H

chiral matter
generation



The Cosmic Evolution

Dark Enerqy

(\\rtﬂ'\v\.iy\s ‘ @ < E. OV\O‘L
vacuum model S@' Ping &r&\/‘i:;&es
bype” va"é“éicgbmt o
@ Cuxve_v‘f \ Axéc)h s Pr‘:’h
o€ ) + : OPA
e R
MQVQ al

Dark Matter

5
Lorenkz- N “@

Violating W oyt
Leptogenesis o\muﬁo& %‘QO\’ (QJ"’; OV
= ‘D? %LO&LOV\ Q'VO\' o
matter- v k %(0 \r’k 5
ankinakber satthow o e

vV\Ou\- @ o @f&
Asymmetry ?;;{%QEOV‘ : &o 7
3
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