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Gravitational Waves: A New Window onto the Universe

A brief history of GW physics: past, present, future
1916 Albert Einstein predicts GWs based on his theory of general relativity
2016 LIGO annouces first direct detection of a GW event (GW150914)
202x Next milestone: Detection of a stochastic GW background (GWB)

Big news on 29th june Compelling evidence for a GWB reported by several teams!
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Cosmic Background of the 21th century

20th century 21th century
[PLANCK Collaboration] [Sato-Polito, Kamionkowski: 2305.05690]

CMB: Cosmic microwave background

Relic photons from the early Universe

GWB: Gravitational-wave background

Relic gravitons from the early Universe 
 ∼ or  astrophysical signal∼



The Gravitational Wave Spectrum
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Pulsars: cosmic clocks scattered across the Milky Way

© nanograv.org© Michael Kramer

Cosmic lighthouse



PTAs are galaxy-sized GW detectors that allow us to search for nHz GWs

T
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Hallmark signature in cross-correlation of timing residuals of pulsar pairs

Quadrupolar correlations described by Hellings–Downs (HD) curve
[Hellings, Downs: Astrophys. J. 265 (1983) L39]



Hellings-Downs curve
Sounds Wave EM Wave GW
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arXiv: 1412.1142



PTArcade



Compelling evidence for HD correlations



Interpretation: SMBHBs (realistic) or new physics (speculative)

GWs from the Big BangSupermassive black-hole binaries

SMBHBs: No SMBHB mergers observed → data-driven field thanks to PTAs
New physics: Probe cosmology at early times, particle physics at high energies

BSM scenarios: Inflationary gravitational waves, scalar-induced gravitational waves,
cosmological phase transition, cosmic strings, domain walls, axions, and many more



New physics: many BSM models predicting a GWB from the Big Bang

Inflation
Non-minimal blue-tilted models

Phase transition
Modified QCD transition, dark sectorCosmic defects

Cosmic strings, domain walls

Scalar perturbations
Associated with primordial black holes
PBH dark matter, supermassive BHs



NANOGrav 15-year New-Physics Signals

© arXiv: 2306.16219



Single (Slow-roll) Inflation
Action:

Slow-roll Eqs.



Perturbations: Turn on Quantum Mechanics

Spatially-flat gauge

- Almost scale-invariant
- nearly Gaussian
- adiabatic 

CMB Pivot Scale



Ozsoy&Tasinato (2301.03600)

Modes exit the horizon during Inflation
 and re-enter during RD or MD era



integration kernel

Scalar-induced gravitational waves (SIGWs)



Scalar-induced gravitational waves (SIGWs)

GWsDuring Radiation-dominated era

SIGW-DELTA



Ultra-Slow-Roll (USR) model



The setup: SR-USR-SR

USR modes lead to PBHs formation and SIGWs during RD era!

In collaboration with Hassan Firouzjahi
arXiv: 2307.03164



The setup: SR-USR-SR



The setup: SR-USR-SR

: duration of the USR period

Local-type Non-G:



Enhanced Power spectrum

h = -0.1
h = -2
h = -6
h = -12

PBHs bound

CMB Scale



SIGW-USR: NanoGrav signal



SIGW-USR: future observations



© E. Bugaev, P. Klimai, Phys.Rev.D 90 (2014) 10,103501
arXiv: 1312.7435 [astro-ph.CO]

Axion as Inflaton
Axion (inflaton):

Chern-Simons interaction

Tachyonic instability is experienced by modes

Strong backreaction

Weak backreaction

Instability Parameter



Axion-USR Model

SR-USR-SR

In collaboration with Hassan Firouzjahi

Instability 
Parameter

Non-perturbative gauge field production:

The rolling field during the first SR phase contributes to instability parameter

SR USR SR



Axion-USR Model

SR-USR-SR
Chern-Simon term

tachyonic production of 
gauge field fluctuations 

during SR phase

In collaboration with Hassan Firouzjahi



Primordial GWs generations

transverse traceless projector 

Chiral GWsEx
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During Inflation era
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Summary:

- Importance of stochastic GW Background

- The stochastic gravitational wave background (SGWB) detected recently by the pulsar 
timing arrays (PTAs) observations may have cosmological origins.

- We generated SIGW in nanoHertz frequency from:

I- a three-phase model of inflation: Slow-Roll > USR > Slow-Roll

II- Axion-USR model



Thank You for Your Attention!



Primordial Black Holes
⮚ Black holes formed in the early Universe 

(soon after the Big Bang through a non-stellar way)
❖ Gravitational collapse of the overdense region of inhomogeneities During the radiation dominated era



PBH abundance



Axion-USR Model

SR-USR-SR
Chern-Simon term

tachyonic production of 
gauge field fluctuations 

during SR phase

In collaboration with Hassan Firouzjahi
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