Phenomenology of particle production

during axion inflation
Marco Peloso, University of Padua

e AXxion inflation

Density perturbations

e Gauge field amplification l

\ Gravitational waves

Primordial Black Holes

e Strong backreaction on background dynamics



e Density perturbations ¢ ~ % observed through ATcwume

e Gravitational waves from inflation not yet observed r = % — —Yggs
¢

o r<0.032 (Planck+Bicep '21); r $ O (1073) from CMB-S4

Slow roll inflation 4 standard assumption of 6p and GW from

amplification of vacuum modes (due to the inflationary expansion)
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If observed:

e Inflaton scans a Planckian range during inflation

e Scale of inflation = GUT scale

v
A P2

2
e Parametrically : m?b ~ ~ O (1013 GeV)



Motivations for axion inflation

A¢ > M, not expected in a generic low-energy effective QFT

B | N, O
V' = Vienormalizable (¢) +¢ Z o M™

n=1
M. V' M2V" (e.g., n problem
Hard to achieve flatness ——, —2% < 1 unless M > M,
V V in supergravity)

Shift symmetry ¢ — ¢ + C. E.g. axion (natural) inflation

Freese, Frieman, Olinto '90
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e Smallness of Vgurt technically natural. AV oc Vgpise

e Constrained couplings to matter (predictivity)



Are we speaking about a null set? (Is axion inflation still viable?)

Common to identify axion inflation with “natural inflation”
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Freese, Frieman, Olinto '90

g -
~ %, ' Planck '18
bQ\, \
Cz)/) N=5O \\
=2 e \ _
32| \
= N =60
= \
2 | \
© \
o
s = F \ -
g < Growing f/ \
9 Y
5 Natural \
2 s inflation \
D' B —

0.00 i
i

0.94 0.96 0.98 1.0
Primordial tilt (ns)



Aligned natural inflation

V =AM} [1—cos(£+ﬁ>} + A3 {1—cos(£+ﬁ>}
f o f2 7 g2
fert > fi, g0 If L
g1 g2

e Proposed to produce fe > M, from sub-Planckian f;, g;

(gravitational instanton corrections may still be a problem)

Heavy o
A

e In agreement with CMB

denote by ¢ (v¢) the light (heavy) eigenstate

Fields rescaled ~ curvature in 2 directions

Vertical direction ¥ much heavier; inflation on valleys with

Kim, Nilles, MP 05

Light combination ¢
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Vertical direction @y much heavier; inflation on valleys with — =0, —= >0

rF=15ra =04144;r, = 1; 2= 001; f3=5.5 M,

MP, Unal "15
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For some parameters inflationary trajectories ending because

(1) reach a minimum or (2) become unstable in heavy direction

Connected to minima Disconnected
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All above natural inflation !
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Recall r = 16e = 8M_ (—)
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For solutions (1), flattening V' also increases the duration of inflation.

Limited possibility to decrease ¢ at N ~ 60 e-folds before end of inflation.
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Vector production from —¢ FF Turner, Widrow '88
f Garretson, Field, Carroll '92
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e Scalar non-G @ CMB scales — f/a 2 10'° GeV

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

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

Caravano, Komatsu,

Under pertlirbative 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~ 106 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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e Gives visible r at arbitrarily small ryacuum / scale of inflation

Three examples with €5 = 107> (so that ryacuum = 16 € is unobservable):
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e Distinguishable from vacuum GW by tensor running

Moral: Hard, but not impossible, to violate V <« r relation. Limits from

scalar non-G — specific conditions — distinguish from vacuum GW



Naturally blue signals in axion inflation

Back to production from inflaton Recall Ay o« e™ | &= 2}%} x /€

Inflaton speeds up — signal naturally grows at small scales

e G\VW at interferometers Cook, Sorbo '12; Barnaby, Pajer, MP '12
Domcke, Pieroni, Binétruy '16

e PBH Linde, Mooij, Pajer '12: Bugaev, Klimai '13

Garcia-Bellido, MP, Unal '16, '17

GW in limited by

GW at interferometers limited by ¢ — PBH

highly model dependent, due to o e?

0.1k Qow h2
-6
0.001 L ~—— o ______ 10
PBH limit
1075 ¢ 10~
Eomp =241 »
1077 ¢ 10
Cmax — 443 éomp =241
1079 & 10-15 F é‘max =443
? 8 7 -6 3 4 10—11 \\\\\\\\\\\\\\\\\\\\\\\\\\\ N 10-18

¢/ Mp 60 50 40 30 20 10 10-14 10-10 10-6 001 100

gl



PBH <« enhanched 6p — GW  (after inflation)

Increase dp everywhere, so to have (rare) regions
N N

above threshold for collapsing to PBH. Enhanced dp

/\/
N ./\/ unavoidably produces GVV at horizon re-entry

° N~ (standard GR; independent of the inflationary
N o\ %

mechanism of dp production)

PBH mass — wavelength enhanced dp modes — GW frequency
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probe existence of PBH of insignificant abundance

f [Hz]



Cosmo vs. Astro Stochastic Gravitational Wave Background

Once SGWB observed, how can we extract a cosmological

component from the astrophysical one 7

e Frequency dependence

e | Arrival direction

e Chirality

e Statistics




The NG that we cannot see ...

Great amount of information in <hA1 (El) R, (EQ) hoa, (E3)>

Any measure of NG requires phase coherency.

Phases h; (t, E) =e """h:+ ei“h};

No pbm. in PS <h (El) h (E2)> _5® (El + Eg) |:e_i(k1—k2)t Py, e+ }

| |
1

Phases in BS (h (k1) h (k2) h (k3)) oc 6@ (k1 + k2 + ks3) [e—i<kl+k2—’f3>t hg, by, e+ ]

<signa|3> — /d3k1d3k2d3k372(3) (121, ko, 123) <h3 (12)>

Modes with same k; but different k; should have the same phase or

signal — O in angular integral



hi(t, k) =e " hy 4+ e he = (h¥) cce'ithth)ip, po he 4

Even if coherent at the origin (e.g., from inflation), two # physical effects

lead to decoherence Bartolo, De Luca, Franciolini, Lewis,
MP, Racco, Riotto '18

hW

(1) Propagation in perturbed universe

Shapiro time delay: GW from # directions

ik v
accumulate # time shifts e <t+f m)

(2) Finite observation time

1

ey —1| k— —ilk 1
Kresolved = k £ ijs = Superposition of e Z( Tobs)tO + ... +e Z( +Tobs)t0

This also generates A¢ ~ jifis > 1, destroying coherency



the NG that we might see

Non-G, angular anisotropies, and a probe of the large scale structure

of the Universe h oo (L =6p/p
L =

/\/

Production mechanism & propagation imprint anisotropies, pew (Z) o< hi;jhi;

e Treatment as CMB Alba, Maldacena '15; Contaldi '16;

Cusin, Pitrou, Uzan '17;

’ Jenkins, Sakellariadou '18;
\ Bartolo, Bertacca, Matarrese, MP,
GW Ricciardone, Riotto, Tasinato '19
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Anisotopies from the propagation

Large scale density

and tensor anisotropies

1le-9

Sachs-Wolfe

Bartolo et al '22

— CGWB — CMB

Bispectrum from higher order interactions. Already at linear order, due

to propagation, induced by the non-Gaussianity of dp. At large scales

bey 005 = 2 fNL [Cry, Co, + Coy Coy + Ch, Col]

“local’”’ scalar NG,

5p ~ dpg + fnL 6p;

New probe of large scale anisotropies (like CMB photons)



Anisotropies & non-G at the production - GW in models with PBH

Bartolo et al '19
MPBH [MQ]
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Very large GW signal @LISA
in models of PBH-DM.

Is is isotropic 7 Is it Gaussian?
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f [17]
h
C _I_ C —h Pcw ¢ C IS a short-scale mode, that
PGW ~ <h2> ~ <C4> generates GW of f ~ mHz today

In presence of scalar non-G,

a long mode (;, modulates Paw Paw

the power of { on small scales,




e Greater scalar fyL leads to greater anisotropies and non-G of GW.

e —11.1< fy. <93, at95% C.L. Planck '19

e Isocurvature constraints impose a tighter limit on fy. for PBH-DM
Young, Byrnes '15

\/€(€ +1)Cy(k.)/2m for Pe, = Pyexp [—log” (k/ky) /2]
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5.x107*

only a small fraction of the DM
2.5%x107%

10810(fPBH)
MPBH [MG}
SRS LS S (SNE T RS RS S S R
1077
s large change of fpgH
107 Slight change of P, —
EN slight change in Qcaw.
‘i 10
107"
10 P Anisotropies can differentiate
1071
T between these two cases.
107° 107 1073 1072 107!

[ [Hz]



1078
VYV a=0
a=2/3
W =3
v
Vv
‘_I.i. 1079_
‘_‘bw
\ 4
Yvy v
A 4
| | | | | | | |
2 4 6 8 10 12 14 16
14
Adding ET (a = 0)
5.x10~°
s ___
S 1.x1079 —_ 1
@)
= 5.x10710 — y
O o
g -_
1.X1O_10 1 1 1 1 1 1 1 1 1 1

Mentasti, Contaldi, MP, to appear

LIGO

Qew

10°

10-10
1071

10—12

can we see it 7

+ Virgo '22
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Measurement of GW polarization

Crowder, Namba, Mandic,
17 Mukohyama, MP '12
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(one order of magnitude greater than estimate in Seto '06)




Backreaction on the background dynamics

Recall Ay «x e™ | SZQJCLHOC\@

e Initial stage of weak bacreaction of the poduced A on ¢ dynamics.

Standard increase of ¢ (t) and marked growth of sourced signals

e Later stage of strong backreaction. ¢ (t) increases much more slowly

and sourced signals flatten out.

WEAK STRONG

01F

0.001 ¢

"___———______

PBH limit

Ecmp =241
C Emax = 443

| | | | | | | | | | | | | | | | | | | | | | | | | | |
60 50 40 30 20 10



The instability of the Anber and Sorbo solution

MP, Sorbo '22

e With dissipation ¢+ 3H¢ 4+ V' = —I ¢| can inflate also if V is steep
Berera '95

Could help with string th. arguments for A¢ < ... and V' > ...

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

e AsSsuming a steady-state solution, qB — constant,

et ag
Y

Vi~ —24.10"% O‘Jfﬂ

In original work, & ~ 20 to have enough inflation



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)

40}
30}
20}

---AS

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

Caravano, Komatsu,
5 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
Gorbar, Schmitz, Sobol, Vilchinskii '21



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

B3k k 9
5¢" + 2aHSS + a2V"5¢p = — — i

k' a A
SA" 4 | k* — 0A = —6¢'
+ (257 ) aa = o

[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 ¢ < (—7) P =aRe’ cos(Im B x N + phase)

Inserting this and doing the integrals — homogeneous eq in time (all terms

scale as 7—5—2). T herefore left wih an algebraic equation for complex 2.
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5¢p x (—7) P =aRef cos(Imp x N + phase)
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Summary

e [ heoretical motivations for an axion inflaton
e Predictivity on couplings: reviewed some phenomenology of ¢F F

e Scalar NG, GW at CMB and interferometer scales, seeds for PBH

e SGWB as probe of primordial non-G. Angular dependence is key

e Regime of weak backreaction of produced gauge modes on

background dynamics fully understood

e Oscillatory behavior of ¢ in the regime of strong backreaction



