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Vanilla slow-roll inflation produce a GW signal too low to be

observed in the foreseeable future (at least, at sub-CMB scales)

Larger signal in various inflationary models / mechanisms
Braglia et al '24, LISA Cosmology Working Group.
Talk by Ricciardone

Highly studied (and natural) mechanism is from an axion inflaton

of strong backreaction, where our knowledge is still incomplete.
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Shift symmetry ¢ — ¢ + C. E.g. axion (natural) inflation gIGGSQ Frieman,
into '90
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Continuous supply! At any moment during inflation, gauge modes with

A~ H are produced — possible signals at several scales
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e Aligned natural inflation in agreement with data & testable at CMB-54

Heavy
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Analytic trajectory and CMB phenomenology worked out in Greco, MP 24

V=A% [1—cos(%—|—g—pl>} + A3 [1_COS(%+9%>}

Model invariant under simultaneous rotation of ¢ = {0, p} , &= {f; ", g; "}
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4
aswell as A* = AT+ A5, r/\z/\—i A AN S
1 705 1. numerical —
[ end
i analytical
ey ) —_ - 60- 10
Conditions for trajectory, VV - ¢peayy = 0 ;
“ 500 20
«Q@ | - 0.75

and its stability mj . > 0 greatly simplify s /151.25/1_*,4_
[ end

30}

for strong alignment, |C| < ni1, no

o0 ]
M2 1 C? 6/t
rATD — M1

2 2
2ns — 1 ran3 —n3 1 jm (m —TA nz)
r o~ s | \/n2 arcsin A2 1 ) _ . /nq arccos | — e~ Ins—1IN

C2 Mz? ni1 (ny —ni) TA




CTAchF’ constrained at CMB scales by scalar NG

£ = 20‘}% < 2.5

Barnaby, MP '10
Planck '15

¢ grows during inflation, and Ay o €™, can produce

observable GW at PTA / interferometers scales

(and PBH) Cook, Sorbo '11; Barnaby, Pajer, MP'11;

Domcke, Pieroni, Binétruy '16; ...
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Results in the weak backreaction regime

. . dVv CA = =
¢+ 3Hop + PP = TE - B = negligible backreaction terms
LT Py B on background dynamics
H* = 3012 §</3+V+ 5 (electromgnetic notation)
p

e Analytic results for power spectrum P <5¢2> and bispectrum B <5q53>

in this regime based on several approximations: constant & and H, specific
Barnaby, MP 10

UV regularization
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Strong backreaction regime: the Anber and Sorbo solution

e Strong backreaction regime studied by Anber, Sorbo '09

e Old idea of warm inflation ¢ +3H¢ + V' = —I" ¢ | Berera '95

Dissipation reduces the inflaton motion. Can allow inflation in

steep potentials (large V') and for reduced field excursion (small Ag)

Both aspects might be beneficial in the recent swampland program

e Anber-Sorbo mechanism simple & well defined QFT realization
.. . CA ~ .
$+3HO+V' =2 FF[4)
\

Perfect balance assumed at all times — Steady state evolution

ca H* e?7¢ ca
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= V' ~-24.10"% ,
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e Oscillatory behaviour from simplified numerical solutions of the system

Cheng, Lee, Ng '15;

Notari, Tywoniuk '16;
Dall’Agata, Gonzalez-Martin,
Papageorgiou, MP '19

(set of gauge modes + homogeneous inflaton)
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20f Gorbar, Schmitz,

---AS Sobol, Vilchinskii '21

e Confirmed by full lattice simulation ¢ (t, ¥) , A* (¢, ¥)

Caravano, Komatsu,
Lozanov, Weller '22

e Interpreted as delayed effect between the moment the gauge

quanta are produced and the moment they backreact on ¢ (t)
Domcke, Guidetti, Welling, Westphal '20



Analytical study: ¢ (t) = ¢ (t) + 6 (t) , A (t, k) = A (t,k) + 6 A" (t,k)

of the homogeneous inflaton & gauge modes around the AS solution

MP, Sorbo '22
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[A SA* + A* 5A]

Formally solve 2nd eq for §A as a function of ¢’

0A (T, k) = QTk/ dr' Gy, (7‘, 7") A (7", k) 6 (7")

Insert solution in 1st eq — integro-differential eq for d¢
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e Look for ¢ x (—7) ¥ =aRef cos(Im B x N + phase)
Inserting this and doing the integrals — homogeneous eq in time (all terms
scale as 7—972). Therefore left wih an algebraic equation for complex 8.

Several roots; behavior most unstable mode:

fy fy



Sobol, Gorbar,Vilchinskii '19
Gorbar, Schmitz, Sobol, Vilchinskii '21

Durrer, Sobol, Vilchinskii '23

Gradient Expansion Formalism
e Rater than /Y(E) e.o.m., tower of eqgs. for

Pof ):a—n<E-r0t E) B(n):a—n<B-rotnB> g(”):—$<E-rot”B+r0t"B-E)

conveniently integrated numerically

MP, Schmitz, Sobol, Sorbo,

e correlators initialized according to AS solution _
von Eckardstein,’'23

1) Analytic linear system 2) Fully numerical solution starting from AS
for 8¢, 6™ sBm) §Gm) (existing ones from weak backreaction)
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Burts of GW production

e EXxpect gauge field amplification and related
phenomenology enhanced at scales O (H) when

¢ is maximum — Recurrent peaks in power spectra

© CanStockPhoto.com

e GW easier than ép. Might have correlated peaks in same or across
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e Usual analytic approximations invalid as & varies too quickly as individual

modes are being produced. Numerical code, with ¢ (t) and 400 gauge

modes A (t, k;), covering the dynamical range of 60 e-folds of inflation
Garcia-Bellido, Papageorgiou, MP, Sorbo '23



Physical p in one mode

1e+09

Py ——
vacuum

1e+08 |
1e+07
1e+06 P\
100000 F

10000

1/H* d (E%+B2%/2) / d log k

1000 ¢

100

10 s s s
0.01 0.1 1 10 100

Code integrates modes leaving the
horizon all throughout inflation,
Emax/kmin ~ €°Y ~ 102°. Each mode

followed while dynamically relevant

¢5+3H¢+V’=C7AE-§

E-B
, A = [ dink B(N, k)
%

A"+ (k* —2¢6aHk) A=0

% Unstable growth for k < kine = 26 a () H (t)

Y Decreased by resdshift after ~ 7 e-folds

Evolved and Evolved,
included in B not included
< > < >
10— — o :
f a H Kthr 300 ktnr
R S B dAE
0.1F ViE

B(20.0, k)

...............

1




Garcia-Bellido, P

apageorgiou, MP, Sorbo '23

V. P S S PP
121 ]
101
= | 81
—r i o 1
06 6 ]
L 4_
L 2 ‘©
2 TR T i " ) | ‘ . ]
100 150 200 250 300 350 400 0 10 20 30 40 50 60
o N
1 100 T
| | /
| 103 1 f‘- 7
10720 - 1/ | /
e . 10 / | b/l u/
: = -9 y | / |
e 10740 ¢ = 10 / 1 A 7 T L
J— g 10 N/
o 1077 015 L{’/ / /
-18 =
10780 | 10
11111111111111111111111111111 10—21 1 - i - 1 < | 1
10 20 30 40 50 60 100 10 103 100 103
In k f [Hz]




Inhomogeneous backreaction

e Very recent lattice simulation Figueroa, Lizarraga, Urio Urrestilla '23

with greater dynamical range than Caravano et al '22
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e Oscillations of £ reduced after the first one

e End of inflation simulated, oscillations reduced also in homogeneous case



e Scalar non-G @ CMB scales — f/cy > 101°GeV

e GW less produced (1/M, vs ca/f) Barnaby, MP 10

In this reglme, negligible backreaction on background dynamics MP, Sorbo, Unal '16

Caravano, Komatsu,

Under perturbative control; confirmed by lattice Lozanov. Weller 22

v

General lesson: Several mechanisms for additional GW, result in a decrease of r

once also extra density perturbations are accounted for

. 1/4
Observation of GW V14~ 10'° Gev (m) Robust!
I I 1/2
through the CMB A2 M, (Ogl) @

How robust 7 Cost for evading it ?

e No direct coupling with inflaton (Source gravitationally coupled to both GW and inflaton)

e Relativistic source (GW are produced by quadrupole moment; ¢ by energy density)

e Source active only for limited time (GW observed only on a small window;

¢ provides constrains on many more scales)



These 3 ingredients present in

Namba, MP, Shiraishi, Sorbo, Unal '15
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Strong backreaction (émax = 6)
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Statistics (1-point

Weak backreaction (Emax = 5)

—1 0 1 2 3 4
A

-5.0 =25 0.0 2.5 5.0 7.5 10.0

do /+/(6c?)

probability density function)

Strong backreaction (£max = 6)

:_
102
10_ @

-5.0 =25

50/\./ 502

Scalar petrurbations (added linearly, in the spatially uniform gauge)

107° 3
1076 5
1077 3

1078 3

100 10!
k/k,

N=-17
N=-12
N =-0.6
N =-0.0
N =0.51
N =1.09
— N=1.78
—— N=224
— N =2.82
—— N =340
—— N =3.68
— N=4.09
== analytical

E



Testing a chiral SGWB
e ©@ CMB scales (TB & EB correlations)

Gluscevic and Kamionkowski "10
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Measurement of GW polarization at LISA / ET

Two GWs related by a mirror symmetry produce the same & ‘\I\liR
response in a planar detector. Cannot detect net circular \/\/L. .
polarization of an isotropic SGWB . """" :
hr -
Isotropy in any case broken by peculiar motion of \_\_.. """ »ﬁ
; S
the solar system. Assumption, vy~ 1073 as CMB . ’
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vy, 2 — T
SNRsa ~ Ci3 CW.R _fIN’L \/ Domcke, Garcia-Bellido, MP, Pieroni
10 1.2-10 3Y€ars  Ricciardone, Sorbo, Tasinato '19

(one order of magnitude greater than estimate in Seto '06)

e Do the GW and the CMB dipole coincide ?

e One order of magnitude improvement with LISA-Taiji
Orlando, Pieroni, Ricciardone '20



Measurement at ground-based interferometers

https://dcc.ligo.org/LIGO-T 1500293 /public
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Conclusions

e Potentially detectable GW at several scales from axion inflation

e New results in the regime of strong backreaction

Instability of steady state solution

First studies of associated signatures

e Awaiting increased dynamical range from lattice



