Cosmological probes of additional field content during inflation
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Recap: Inflation (Single field slow-roll)

O Simplest realization: single scalar field in slow-roll motion!
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Single field slow-roll @ CMB

O Scalar power spectra:
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© Tensor power spectra:
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= Single field slow-roll agrees well with CMB observations !
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Beyond Single field slow-roll (@ CMB) ?

O To re-evaluate the implications of GW observations
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(Namba et. al, '15). (Dimastrogiovanni et.al, '16)
(Biagetti et. al. ’13) (Fujita et.al, ’17)

0 Additional field content is likely outcome from top-down perspective.

String Theory

4D EFT with many moduli
fields, axions & gauge fields

0 Extra d.o.f’s have testable predictions

¢ Chiral, scale dependent, non-Gaussian GWs of non-vacuum origin.

¢Mixed tensor - scalar non-Gaussianities, ...



Axion-GF dynamics as a source of GWs
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O They are light and can roll a significant amount of time during inflation:

CL > pva’c ~ H 4 (A resourceful Dinamo/reservoir!)

O Natural couplings to matter sector where they can dump their energy into:
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Extended model with a spectator axion
To decouple the GW source (GF's) as much as possible: Spectator axion O !
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Extended model with a spectator axion

To decouple the GW source (GFs) as much as possible: Spectator axion O !

I =~ 2(00)"  Va(9) = 5(00)? ~ Vo) = § Fu™ — 55 0 By I

Barnaby et.al 12

1) ALing X hij F'E el A4+ A — h(_s) GW emission!

2) ALing X oFF ——% A_+A_ =60 — 5" o« R
, Ferreira&Sloth, 14
o] # 0

Tensor to scalar ratio reduces due to NG constraints, the key difficulty here:
Generating observable GWs without overproducing NG density perturbations
Ferreira&Sloth, 14, 0.0, ‘17

*To keep channel (2) under control, we need to switch of gauge field
production, e.g through a localized roll of 7 !

*R. Namba, M. Peloso, M. Shiraishi, L. Sorbo, C. Unal arXiv:1509.07521



Localized signal (spectator axion-GF dynamaics)
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o # 0 for a finite amount of time

Vo(o) = ,LLBO' + Al [1 — COS (g>] Scale dependent bumps in the

scalar and tensor spectra!

(McAllister et.al, ’08)
(Silverstein & Westphal, '08)

Axion Monodromy!

arXiv: 2005.10280-0.0



Localized signal (spectator axion-GF dynamaics)
Fvae = 1074 m2 = 0.6H”
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Spectator axion-GF dynamics

Other signals for distinguishability:
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Parity violating mixed non-Gaussianity!

arXiv:2106.14895-0.0



Conclusions (Part 1)
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O Observable synthetic GWs with low scale of inflation and sub-planckian field excursion is possible
but one needs to try hard to shake the standard view on inflation: 1.e r vs H

O Nevertheless, additional field content have interesting implications: chiral, scale dependent, non-
Gaussian GWs.

v Any departure from the standard predictions on tensor fluctuations: scale free, parity conserving
and high degree Gaussianity, have the potential to inform us about the inflationary field content.

v B-modes and their properties are expected to be measured by forthcoming experiments: CMB-S4 and
LiteBIRD. Accessing the whole range of multipoles is important to establish vacuum vs non-vacuum
origin of GWs: CMB-5S4 + LiteBIRD



Small scale probes of inflation (Motivations)

comoving scales
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Small Scale Probes of Inflation - PBHs
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O Primordial Black Holes (PBHs)

© (Depending on their mass) PBHs can (maybe !) account for all or a fraction of DM
S. Bird et.al, “Did LIGO detect dark matter ?”, arXiv: 1603.00464

abundance
® Indirect access to a large range scales 107'* Mg < Mppg < 10°Mg

Pr(kpau) > Pr(kcuB)



Small Scale Probes of Inflation-SGWB
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O GWs at interferometer scales

® Induced GWs: inevitable part of SGWB due to non-linear nature of gravity!
Qaw(k) ~ [dp Pr(|k — p|)Pr(p) —» Potential probe of Pr (k)

® Direct enhancement of tensor perturbations during inflation:
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Axion-Gauge field Inflation @ sub-CMB scales
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Axion-Gauge field Inflation
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V(p) = =m*¢p° + A" = sin | = arXiv: 1404.6244, McAllister et. al. 0808.0706,
2 f f Flauger et. al. arXiv: 1412.1814.

(

Interested in “Bumpy” Regime =% [ B =

A4
m?2 f2

S-L. Cheng, W. Lee, K-W. Ne. arXiv: 1801.09050 OO0 7 TLalak arXiv: 2008 07549



Axion Inflation in the Bumpy Regime

CMB Plateau
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* Hubble drag in the plateau regions of V' (¢) is pretty efficient to sustain enough inflation
for an intermediate field range and energy scale! (7 =~ 107°)
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e Temporary speed up of inflaton at the cliff like regions of V(¢) and slow-roll violation

*S. Parameswaran, G.Tasinato, 1. Zavala, arXiv:1602.02812. > .
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Axion Inflation in the Bumpy Regime (without GF's)
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Damping term becomes a driving term

* Duration of negative 7] phase determines the enhancement in the power spectrum*

0.0, G. Tasinato, arXiv: 1912.01061 0.0, Z. Lalak, arXiv: 2008.07549



Gauge field production at the cliff(s)
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Echoes of GF production (PBH as DM)
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Scalar Power spectrum:
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Fraction of regions collapsing to PBHs at their B(N) = Erfc
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Fur LISA

During RDU:
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During inflation
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Conclusions (Part 2)
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“Roller-Coaster” Axion Gauge-Field dynamics:

i) realization of inflation with an intermediate field range A¢ ~ O(1)M, and energy scale with
r ~ 107° @ CMB scales.

11) presence of feature(s) in the potential leads to a pronounced peak (non-Gaussian) in the curvature
perturbation that can lead to a significant population of PBHs.

111) This in turn generates an induced observable SGWB (@ LISA) that inherits the properties of the
curvature perturbation such as its shape and non-Gaussianity.

*Chirality of the SGWB at interferometers: a non-planar network of interferometers *Smith & Caldwell, ‘17

*Signal reconstruction methods developed for LISA can be used to distinguish GW signal compared
to other early universe mechanisms and astrophysical backgrounds.

*Caprini et. al., arXiv:1906.09244, Flaguer et. al., arXiv: 2009.11845 (LISA Working Group)
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Single field slow-roll @ CMB
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Cosmological collider (Inflationary universe)
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Observable GWs at CMB scales (non-vacuum)
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Energy density in the gauge fields (transient roll)
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Energy density per mode (transient roll)
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Constraints on Model building

Back-reaction:
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Backreaction and perturbativity limits (spectator)
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Constraints on Model building

Running @CMB scales: @5 = —47 = ~ 86 (10 — € — €5),
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Observable GWs at interferometers (non-vacuum)
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Spectator axion model (PBH production)
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Spectator model (GWs @ interferometers)
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Summary of Model Buiding Constraints
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Full expression for curvature perturbation

R(r, k) = a (@Ii &2) (¢Q¢ +0Q0 — adquan (T, E))

Direct contribution from gauge fields:

5 X ik e pok_oB
q(AA)(Tak)Z—a?Ez‘jk @n) i(T,k — @) Bk(7,9)

Check if it can contribute significantly to the correlators:
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Echoes of particle production (Bumpy ride)

Scalar and tensor correlators are sourced by Gauge fields, so n-point correlators

inherit the similar parametric dependence in terms of the set {k_’ Exs 5}

Prk) = PY (k) + PS k), Pa(k) = P (k) + P (k)

~-3  Controlled by inflaton!

MControlled by 0 and A,'! !

(v) 3 CYPNE
€6Pr (k)} ko k PR ()] ki ko K
B(S)(k17k2ak3):[ far (5*,—1 2 3,5) BE), (ky, ko, ks) = Fan (g* il 2,_3,5)
R k2 k2 k3 k. k. k. aan (ks ko, ks) k2k2 k2 k. k. k.

Bispectra is maximal for equilateral triangles ! k1 ~ k2 =~ k3 = k



Ecchoes of particle production (Bumpy ride)
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fis (o €08) = 5 60Ol exp |- In?
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Limits on Power spectrum at small scales

|
10—2 L
10—4 L
10—6 L
-8l Lyman—alphaz\\
10 Planck
—
-10 |
10 1074 1071

FIRAS

—————

k [Mpc™!]

| Threshold for
—» sizeable PBH
abundance for a
\%ISA// Gaussian power
NG spectrum
BBO
0T T

* Constraints depend on the details of the primordial scalar fluctuations:
1.e shape of the power spectrum, non-Gaussianity...

*A. Green, B. Kavanagh , arXiv: 2007.10722,



Gauge field production at the cliff(s)

2 .
x)“, x>x. IN region
Vet () = { o ; Vet(zc) =0 — @ = 2c(&ss 0, 24)

—r(2)?, = < 2 - .
OUT region INTERMEDIATE region

) e a= o [ o1~ 2) -2 ([ o642 -2 s

9) A_(x = x.) x g Ailx — x| + c2 Bi[x — z] INTERMEDIATE region

exp (/ K (2) dfl?/) OUT region

p
V()

| Iixed by Bunch-Davies




Gauge field production at the cliff(s)

A (2 < o) ~ \/&/iexp( / b /s;(:c’)da:’) + f(x) exp ( L h m(w’)dx’)

\ 7
-~

Growing Mode

/me’)dx’:/cfi(w’)dw’—/ b (2/) da’ v =20 (60,6, 2.)
T 0 0

In N(&x,24,0) 2\/2¢ 4z
SIn(x/xx)|

2%(—%)1/2]
7o)l

S 1 —kr \ V4
A_(T, k) — (2§ ) N(€*7x*75) exXp [_ 5'11”1 (7_/

(7) _
!

Normalization factor that parametrizes the scale dependent growth

V2k




Gauge field production (Review)
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" O Parity breaking!
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| © Exponential sensitivity to field velocity
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o PA isdiluted at late times
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—kt (M. Anber & L. Sorbo, ’09)



