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Can GWs probe quantum gravity?

Production of GWs [Yunes, Yagi, Pretorius 2016]

■ Modified Kerr black holes 
EMRIs kludge waveform [Canizares et al. 2012]

■ Primordial blue-tilted spectra
Stochastic GW background [G.C., Kuroyanagi 2021]

Propagation of GWs
■ Modified dispersion relations [Ellis et al. 2015 Arzano, G.C. 2016]

Propagation speed
■ Waveform phase [Mirshekari et al. 2012; LISA CosWG, in preparation]

■ Luminosity distance [Belgacem et al. 2019; G.C. et al. 2019a,b] 

■ Primordial blue-tilted spectra
Stochastic GW background [G.C., Kuroyanagi 2021]
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Modified dispersion relations



Luminosity distance

G.C. et al., PLB 2019; 
JCAP 2019



Luminosity distance

G.C. et al., PLB 2019; 
JCAP 2019

LQG/spin foams/GFT states?



New model of dark energy

• Luminosity distance of standard sirens are sensitive to dark energy

Nonanalytic nonlocality: G.C., CQG, arXiv:2102.03363, 2106.15430

• Derived from first principles of
multifractal geometry.

• Unitary if 0< g <1, power-counting
renormalizable if g >2, 1-loop renormalizable if g >1, ≠ 3/2, 2.

• Reproduces IR nonlocal models for 𝛾 → 0,1 [Barvinsky 2005-2021, Maggiore

et al. 2014-2020, Cusin, Ferreira, Foffa, Maroto, Nersisyan, …]
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← BBN bound

To get a detectable signal, 
we need a blue-tilted spectrum

Gravitational waves from inflation

← GWs from inflation 

→ cannot be realized by standard slow-roll inflation

Starobinsky inflation:  
r ~ 10-3

→ not detectable by 
interferometers



Starobinsky inflation

Action

Einstein frame

curvature-squared correction to 
the Einstein–Hilbert action

→ Good agreement with 

CMB observations

V(φ)

φ

Starobinsky PLB (1980)



frequency = k/2π

∝ k-2

∝ k0

Spectral shape

matter radiation reheating

Hubble expansion history affects the spectral shape

∝ k-2

primordial spectrum transfer function

(early matter phase)

Kuroyanagi et al., Phys. Rev. D (2009)



G.C., Kuroyanagi, JCAP (2021) [arXiv:2012.00170]

→ Models motivated by quantum gravity?

• Nonlocal Starobinsky inflation

• Brandenberger–Ho noncommutative inflation 

• Multifractional spacetimes

• String-gas cosmology

• New ekpyrotic scenario

Theories beyond GR at inflationary energy scales can 
realize a blue-tilted spectrum

After discarding many models:



Nonlocal Starobinsky inflation

vanishes in a FLRW 
background

• Weyl tensor term is introduced to make the 

theory renormalizable

• Form factors are introduced to preserve unitarity 

(ghost freedom) and improve renormalizability

A.S. Koshelev et al., JHEP 11 (2016) 067Action

Embedded in quantum gravity

Nonlocal Starobinsky inflation predicts a blue-tilted spectrum
even up to nt ~ 2 at the CMB scale?

Briscese, Modesto, Tsujikawa PRD (2013); Koshelev, Modesto, Rachwal, Starobinsky JHEP (2016); Koshelev, 
Kumar, Starobinsky JHEP (2018); Koshelev, Kumar, Mazumdar, Starobinsky JHEP (2020)



Tomboulis form factor Tomboulis, hep-th/9702146
Modesto, PRD (2012)

Example

exact formula

Instant reheating is assumed
converges to standard Starobinsky inflation at high frequency



Tomboulis form factor Tomboulis, hep-th/9702146
Modesto, PRD (2012)

Example

exact formula

Instant reheating is assumed
converges to standard Starobinsky inflation at high frequency

Main message:
A blue tilt at the CMB scale does not always mean a 
detectable signal at interferometer scales



Brandenberger–Ho noncommutative inflation

Time and space coordinates do not commute:

with natural inflation, r<0.06 (A=7, 10) 

commutative case

noncommutative case

Brandenberger, Ho, PRD 2002

slow-roll approximation is valid



Multifractional spacetimes

slow-roll approximation is valid

G.C., JHEP 2017; G.C., MPLA 2021

The dimension of spacetime changes with the probed scale 

αt → α2αt

nt → αnt

r=0.06, nt=-0.0075, αt=-0.0001 

α=-0.5, -3, -5

dS=dH =α0+3α



String-gas cosmology
Brandenberger et al., PRL 2007

upper bound from
the full expression

CMB central values
ns=0.9658, αs=-0.0066 

produces both scalar and tensor primordial spectra 
Via thermal mechanism alternative to inflation nt～ 1- ns



New ekpyrotic scenario
Brandenberger, Wang, PRD 2020 

only nt = 1- ns

αt = -αs = 0.021 (CMB 2σ)

αt = -αs = -0.007 (CMB 2σ)

CMB central values
ns=0.9658, αs=-0.0066 

contraction (ekpyrosis) + bounce + expansion
perturbations generated by brane collision (+ S-brane)



New ekpyrotic scenario
Brandenberger, Wang, PRD 2020 

CMB central values
ns=0.9658, αs=-0.0066 

contraction (ekpyrosis) + bounce + expansion
perturbations generated by brane collision (+ S-brane)

bend in the spectrum



Summary

• QG dispersion relations are tightly constrained

• Luminosity distance of standard sirens can yield
important information on GW propagation in QG

• Some models of/motivated by QG predict a SGWB
detectable by DECIGO or ET, but likely not by LISA

GWs can become a powerful probe of
QG in the very early and late-time 

Universe



Thank you!


