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e|nstanton modulations and phenomenology



Why a string-inspired origin for inflation?

eMicroscopic origin: the source of inflationary vacuum
energy remains an open question.

oString effective action: a Kalb—Ramond axion couples
naturally to the gravitational Chern—Simons (gCS)
anomaly, as a result of a four-dimensional Green-
Schwarz anomaly-cancellation mechanism.

*GW condensation: chiral primordial gravitational

Inflation connects microscopic physics waves can induce a condensate of the gCS anomaly, an
to CMB observables thus an approximately linear axion potential.

Can this mechanism yield a dynamically viable, observationally compatible and metastable
inflationary phase?



Effective Gravitational Action from String Theory

In bosonic string theory (or bosonic sector of
superstring), the massless closed-string-sector

gravitational multiplet consists of : /

Abelian gauge symmetry

B, — B, +0,0, —0,0,,

¢(x), (scalar dilaton)
B,.(x) = —B,,.(z), (Kalb-Ramond (KR) two form)
(z)

9uv(x) = guu(x), (graviton)

v ==0,...,3 /

1
We define the field strength of KR field : H,LWA — 8[>\B,uu] — § (@ABW/ -+ 8HB,/,\ -+ (‘9,,B,\M)

Green—-Schwarz anomaly cancellation modifies the KR field
strength with Yang—Muills and Lorentz Chern-Simons terms :

1 2

Q3Y pUUN — §TI' (A[AF,W/] o gA[MA[VAAH>
1 2

QSL U — §TI‘ (w[AR,uV] o gw[ﬂw[’/w)\”)

— Regge Slope: @’ = ]\48_2
/

a
H,uz/)\ — 8[>\B,ul/] + 8—K(Q3L UV T QBY ,UJI/A)

Bianchi Identity

a/

K




Action in (3+1) dimensions

R 1 Campbell, Kaloper, Madden & Oli
4 —92./9 Y ampbell, Kaloper, Madden ive
S = /d Ly —g (ﬁ —0e fﬁ:ngW/ H,ul/)\ _ iaugba'uqb Nucl. Phys. B 399 (1993) 137

_ In6
I€¢O ) S5 /d4$ — <£ B lH’UJVAH’UJ;/)\> Duncan, Kaloper & Olive

o 2 Nucl. Phys. B 387, 215 (1992)
Stabilize dilaton 2K §)
(not unique)

1

In 4D the H 3-form is dynamically dual to a pseudoscalar axion field : HLLW\ — ﬁ\/ —3g €uvip 0°b
Essentially a CS gravity

R 1 7 A A:Cl—/ RCS:lR Ruupa
S = /d4$ —g [2—2 — 5(9'uba’ub — AbRCS — E b%'uy] 24\/5%7 2 el

K

contorted curvature
1
Ho\=-H,, —T" —T° AT = 7 T 1 — =
A|SO, because pﬂ/)\ ,u)\l/ F py = F [y —|— 3, H 5% 7é F vy — S — 2/{/2 d4x\/§‘R(F)
Thus, the KR axion has a geometric contorsion tensor l

interpretation as the propagating pseudoscalar

. . . ) Contains only a fully antisymmetric
dual of totally antisymmetric spacetime torsion y y y

component of torsion 5



FLRW background and the pre-inflationary stiff era

Homogeneous background ds* = —dt* + o (t)(gijdxida:j, b=0b(t) = Rcs =0 inexactFLRW
b + SHI} —(0) — boca > The homogeneous massless axion alone does not drive inflation D°rp':‘5' N:'V' 86"1':;*‘05
ys. Rev. ’
o ! 063512 (2024)
Pb — Pb — §b ,  wp =1 We introduce gravitational-wave perturbations
conformal time dt = adn Veak G
' 2 2 2 L 1ed turbati
We assume chiral GW for Rog # 0 — ds” = « (77) [_dn + (57;]. + hij)dxzdaj]] perturbations
G tclthl h hericall () (%) | e B O
enerated, through non-spherically B + > R B
symmetric merger of primordial black holes hij = hy + hxe [h%J] = |hx hy O
or the annihilation/non-spherically- i 0 0 O_
symmetric collapse of domain walls We go to helicity basis
z-axis direction of propagation
L R A
hij(t,Z) = hp el +hpell? = 3 ha(t, @) el

A=L,R



* (A .
Normalization condition: Gij( ) g\/) =20 x with A=L,R

17k (>\) . . o . o . —|—1 8 < 7'('/2
]€ 63 = [~ l()\)2|]€|6( ) with ZR — —|-17 lL = —1 and ZE — _l—l_é = { | 8 - 7-‘-/2
S = /d4af 9 |75 — —a b9"b — AbRes
2/{2
2nd order in perturbation 47 A 2
- B 42— By 92y = 1y 0. (VB + URY ~ W2ha) , A= R, L

&k s
Fourier space: h) (1, X) = / ()32 ek hA,E(n) , where A\=L,R

/ 2
7 a 9 B 4k Ak
hA,E+2g hA,E+k hA’E—l)\ ZE a2

(bW, + VR KR )

. /A2 p 1 , Different propagation of the two GW
Note that \/—g Rcs = 21 (az hpO.hg + hp0.hgp — L R) helicities (cosmological birefringence)
allows Rcg # 0



Quantize h;; to evaluate (}AQCS) —> Redefine the modes as time-dependent harmonic oscillators

hp(n,%) = hr(n,T) = h} _(n) =hgz(n) (same EoM)

Lcgs < 1 in order to avoid ghost-like modes

Uy () ' 4AY K2 - b
Py () = & i) = oy /1—IalgLes(n) . Los(n) = b 1251070 | 3

’ 2y 5 (1) a’
2 ()
. : Ak
Linearized eq. w:,g—l—wi,g(n)@bA’E =0, A\=L,R with wi,]}’(n) — kZ_ZA ) where w; p=wp

¢( ) wL 777 / 3/2 5}2(”)7 QEE — wL,E

We introduce the complex scalar field

¢*( ) wR 777 / 3/2 ik 5* E(U)? ¢* B wRJQ

The action is equivalent to that of a single

) . Commutation relations
complex scalar field with anisotropic frequency Canonical Quantization

Q%:w2_‘ Q2_) ~ _ . A A_'_ o (3) —»_—»/

l k L.k 7 —k ¢ (77) = vz QE O‘,; ) 04]; b" b];/ =9 (k k)

o~ and zero otherwise

|
S
+

S

/dn/d3 O o + Q2m)op o) -rlm) = vg

k

?w\
T *



7 V6

Stiff axion era: Oé<77) = 77— ; b<04) = ? log (Oé> + 5(770) (from Friedmann and KR axion EoM )
0
l . vy Vg
onset of stiff era U, - = g —F and u. - = k —F
Lk . R,k P
We define thevacuumas: &~ |[0) =0 and b-]0) =0 VEk L.k R,k
(Bunch-Davies vacuum) & & :
Log << 1 forlate stiffera > 1o
3 ’ 1 d? 1
- EoM 4= ) _ _
Or St (1 2 [T+ 8higLes] | vy g =0 = v gt {1+ 5 )y 5 =0
(= kn)
__— Low energy UV cutoff
The UV-dominated condensate satisfies —— ~ -~ > 1 its dominant modes are deeply subhorizon Helicity independent !

aoH H

/ _

9, S S
Condensate of the gCS term:  (Rcg) = nid { (02 hLa h )+ <h”(9 ¥ w) — (02 hg 0. W) — (W} 0, hl])}

both helicities share the common basis {’Uk:, ’UZ}

Subhorizon modes ol d3 k.
_ = 3 */ */ 17 */
. = / {k (Lk Yri YRk Rk)+k(RkuRk uL,EuL,E)}
Hubble radius Number of sources of GWSs
3 4 T 4
(Ros)? = - BYEARM o gyt — gy BVEAR
k> o cs) = - s = (Reg)™™ = :

total
b

Axion’s effective linear potential Veg = A (Rcs)



Bahamonte et al.

Cosmological evolution as a dynamical system o s ST (EEHE)

2
2H + 3H? = —k* (b— — V(b))

R 1
S= [dav=g |55 - 5 @00 - V)| .
2k 2 2
3H? = K° (5 - V(b))
Equation of state for the N :
(pseudo)scalar field b: Py = Wp P b+ 3Hb+ V,b =0
‘ V(b stiff
Wp =— =
b2
We introduce the 7 FV0) -1 (dominance of potential energy) inflation
dimensionless EN
variables wr = 12 — 2
. 7 ’ Y N =loga
T = L Y = a9 B 2 4\ 2.2 V
\/@H Y \/§|H AN 2 !233 L +$(y 1) 3 )\y — _ ,b
kV
Friedmann constraint: 22 + y2 -1 L dy _ L 2 _q /2 VV
Ho= 3 (a2 -y +1 d\ b
b 2 (33 A ) IN —V6 (I — 1)\z




By using Fridmann constraint

—

dy
2D autonomous dN
dynamical system

dN

Stability of fixed/critical points

5: (v) o (iv)
| 0p \dN 8C
J(p, Q) = o d¢ o d¢
() o (@),
Jacobian stability matrix

One should find the
corresponding eigenvalues

O

— Particularly for:
d_x:<x2_1) 33:—\/§)\ 1
dN 2 V(b) = Cb>O:>)\———b I['=0
K
dA
T !
N V6 (I — 1)\
d 3
—x:(xQ—l) 3xr—1/= A
3 ¢ AN V 2
3cosp — 51 ¢ sin ¢ <: o
d—N — f)\2
= 6% cosp
T = cos p, with ¢ € [0, 7]
A :
In our DS we have: C:)\+1:1—/<;b with ¢ €0, 1)
}
Critical Point | Eigenvalues | wy | Stability | Hyperbolicity
0(0,0) A2 =3,0 | 1 | Unstable | Non-hyperbolic
1(75,0) A2 =-—3,0|-1| Saddle | Non-hyperbolic
C'(m,0) M2 =3,0 | 1 | Unstable | Non-hyperbolic

11



Phase Portrait for the Linear Potential Equation of state

1.00;
0.75f
—— ¢ = 0.060 0.50F
—— ¢ =0.070 0-25F
3 0.00F
¢ = 0.090 :
—0.25:—
—— (i =0.140 —0.50F
—0.75F J/ J/
_1'00;....|....|..-..|....|....|..
. . . . ° Only for specific initial values 0 10 20 30 40 50
stiff ) © s of ¢, inflation with NV > 50 N =loga
Accelerated expansion is achieved for C‘ < 0.06 b b
o o Pl Lo, M~ 0107
The behavior of b during inflation The behavior of b during inflation Mpy HiMp;

Inflation corresponds
to a saddle point

b
HiMp

There is no minimum in
the axion potential

12



The system tends

towards a cosmological- —— Aeg = k2 C br ~ const. — de Sitter if C < 0 — |nflation Planck C:IIaboration,;\s;ron.
constant-type equation Astrophys. 641, A6 (2020);

Erratum 652, C4 (2021)
of state wp ~ —1 /

By choosing the initial conditions (©;, () = (2.3 x 1073, 0.06) and taking 1+ ~ M, and also H; ~ 2.5 x 1072 Mp;

we find Log ~ 3.9 x 1073 Mp) /M if we impose the maximum order of Lgog ~ 2.6 X 102

Calculated in the same .
in the stiff ~ 0. ~ 10
manner as in the stiff era Ininflationary era : a(n) = —1/(F; n) I—» Mg ~ 0.15 Mp; ~ 107" Mp; < Mpy

(consistent with the transplanckian censorship hypothesis)

(Res)i™ = —Ni qu brH} <0 — Aeg = £*V(by) = k> Aby (Res) "™ ~ const. > 0
. . NI 13 .
We assume a constant condensate throughout inflation > N ~ 5.4 -10 and also we pick Ng = O(1)
S
Typical slow-roll parameters Scalar spectral index: ns ~ 1 — 2€; — €2
€ = M1:2>1 (V,b)2 €y = 202 (ﬁf _ 902 Vb = 4e; — 2 Linear b axion potential
2 \V/ SV SV =0, =225 _05M2 )2
o en o 9N [V,bbbv,b _3V,bb (V,b)2_|_2<v,b>4] ot  E Ty 4 R
S T2 v \vV v/

ng ~ 1 —6e; 2 0.97 Marginal agreement

(Planck data) 13



Non-perturbative periodic modulations of the axion potential

Anomaly couplings in Lagrangian if gauge fields non vanishing :

R 1
— | d*r /= - _Z
S / tVTd {%2 >

A _
(é?ub)(a“b) — AbRcs — EbFMV FHY

In pre-RVM inflationary epochs of
StRVM we allow instanton gauge
field configurations in target space

16712 / ) tr ( g V) ) n < 7 — | Ontryag|n Index b 16 2A 0. ) rPI . X (}e \V
Integrating over instantons breaks the 2 Instanton effects generate ‘rperiodic<b) 4 b(x)
mm —+ iodic modulati fth eff 1&1 COS( _>
axion shift sy etry to per|0d|C|ty S b(.’)j) — b(.T) 1 5 perioaic moauilations o e fb

The modulation scale is exponentially
suppressed and bounded from above

Total axion potential with Instantons

872

inst < 2—|n|

YM

axion potential

Vet (b) = b(x) Ag + A7 COS(%) ,
b

dp _ |, \/? C¢gsin(U0)
—— = [3cosp — /=

dN 2 1_C_C%COS((1ZC)
g 2

N V6 cosp ¢

2
thus Ay =& M, exp ( — Sinst) < &M exp ( — SQL \n|) <L M,
N Iym
§=0(1)
Dynam[i{:gl System treatrrllent D%ﬁgi'h?sa‘s"rsr;i:s'
= O oand 6= — Universe 11, 271 (2025)
K A] K fb
Critical Point | ¢ ¢ Stability
01 0 0 unstable
Ay /2 0 saddle % € [~1, -0.3365)
B, s 0 unstable I
Ce, (7,6) /2 | ( for |[v/d] < 1 | stable spiral/node
D, (7, 0) /2 | (o for |[v/6] < 1 saddle V>0

14



For |v/d| < 1, positive-energy
minima correspond to de Sitter
vacua. A specially tuned zero-energy
minimum corresponds to a
Minkowski vacuum

For [7/d] > 1, the linear term
dominates, yielding a monotonic
potential with small periodic
modulations.

Periodic modulations are
present but too suppressed to

5=207, A3~ —1.86-10"1°M3 , A2~94-10"10M% = |4 ~1.97-10° > 1, ‘%

1.0

0.8

0.6

0.4F

0.2r

0%'

-200 -175 -150 -125 -100 7.5 -5.0 —-2.5 0.0

b/ fo

Phase Portrait for v ~ —1.97 - 10° and § = 207

-17.5

¢; = 0.054
¢; = 0.056
¢; = 0.057
¢; = 0.061
¢ = 0.063

—15.0

—12.5

Wh

1.00

0.75r

0.50F

0.25f

0.00f

—0.25¢

—-0.50F

—0.751

—1.00¢

TE B0 —95 00 be visible in the phase portrait

—95x%x10>>1

Equation of state

)

10 20 30 40 50 60 70
N =loga

15



Phase Portrait for y = —10 and § = 5 Equation of state

1.00
0.75}
— ¢ =10.060 050k periodic modulations visibly
_ deform the phase flow and,
G = 0.062 0.25} . o o
for suitable initial conditions,
— ¢i=0.064 3 0.00f prolong the inflationary era
—— ¢ = 0.069 —0.25¢
¢ = 0.072 ~0.50F Atacama Cosmolog:y
o5k Telescope Collaboration,
L M/\J J. Cosmol. Astropart.
0 . . . . . . —-1.00t . : rom— — .
0 0.5 1.0 1.5 2.0 2.5 3.0 0 10 20 30 40 50 60 70 Phys. 11, 062 (2025)

N =loga
The periodic modulation preserves approximately s = 0:9665 % 0.0038 (68% C.L., Planck TT, TE, EE 4 lowE + lensing + BAO)
50 e-folds while bringing n,into good agreement

. ns = 0.9743 £ 0.0034 (68% C.L., Planck + ACT DR6 + lensing + DESI DR1 BAO)
with Planck and Planck—ACT data —]

——» n, ~0.9691 Phase Portrait for « = 0.5, B =100, 6 = 100

1.0

]
Compactification-axion monodrom 2 |
P Y V(ga) = A8 62\/1 + ((b;‘(x)) + AL, cos <—¢“ ) o
We now apply the dynamical- t* fa 27 fa
0.6

system analysis to a _ 5 _ 4 _
compactification axion arising in a=1/% B=N2/Aws)", 0=1/(2mk fa) Vo
Type-lIB/D5-brane scenarios, where A4 é
world-sheet instantons periodically  |¢a| > 2 f, = V(da) ~ =2|da| + AL, cos =
. fa 27 fq 021
modulate the monodromy potential

L. McAllister, E. Silverstein - -

and A. Westphal, Phys. Rev. 0.0 05 1.0 15 2.0 2.5 3.0
e.g. D5-brane wrapped on a two-cycle X(2) of size ¢/v/a’ D 82, 046003 (2010) @ 16

0.4 1




N@: An important difference of the Compactification-axion monodromy from our linear-axion gCS model

V,(a) | The string-compactification-axion
or monodromy potential has a
global minimum, about which
the field oscillates, signifying the exit from
inflation and reheating of the Universe

L. McAllister, E. Silverstein
and A. Westphal, Phys. Rev.
- Compactification-axion monodromy D 82, 046003 (2010)

1 1 1 1
10
a(x)

e.g. D5-brane wrapped on a two-cycle 2(2) of size ¢+v/a’

30 1

Par contrast the modulated linear axion potential
of the gCS model has no global minimum, but the

—-1.5

>
Il

Inflation
25 1 b

inflation has a finite duration, and the exit & <f<H 2-
reheating occur through the decay of the metastable %
running vacuum corresponding to the > 154
gCS-anomaly condensate (which has imaginary parts) o Inflation
i \ends
Dorlis, Mavromatos & Vlachos, ] Duration: 50-60 e-folds

Universe 11 (2025) 1, 15 ;
Mavromatos & Vyros, to appear

-200 -175 —-150 -—125 —-100 7.5 —5.0 —2.5 0.0

b; b/ f bf



Conclusions — Outlook
Conclusions

* A chiral-GW-induced gravitational Chern—Simons condensate generates an effective linear axion
potential and drives StRVM inflation.

* The linear model is broadly compatible with Planck, although 7s lies near the upper edge of the
preferred range.

e Gauge instantons generate periodic modulations that improve the spectral-index n,
phenomenology.

* Dynamical-system analysis identifies de Sitter fixed points and initial conditions yielding approximately 50-
60 e-folds.

* Microscopically, this metastability of the inflationary phase is also confirmed by the existence of imaginary
parts in the gCS condensate, which also yield consistent results with the dynamical systems approach.

The metastability of gCS-condensate-induced inflation is compatible with c Dorlis, Mavromatos & Vlachos,

embedding the model into string theory (swampland criteria) Universe 11 (2025) 1,15 ;
a - Mavromatos & Vyros, to appear

Open issues/Research

* Extend the phenomenological analysis to compactification axions and multiaxion models

 Study the exit from inflation and the subsequent reheating process Mavromatos & Vyros, to appear
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Questions ??
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