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• Introduction: Why Gravitational Waves - Why New Physics? 
• Fundamental Physics: Massive Gravity
• Pulsar Timing Arrays: Stochastic Gravitational Waves Background and Early Universe 

Sources Overview
• Anisotropic Phases in the Early Universe: Bubbles, Sound Waves, Hydro- and MHD 

Turbulence; Magnetic Fields…



WHY GRAVITATIONAL WAVES



WHAT IS NEXT?
Garcia Bellido et al. 2020

Credit CERN

Connection with High Energy
Particle Physics – the best
laboratory to test the energy
scales EVEN near the Planck scale



LASER VS ATOMIC INTERFEROMETRY

The proposed atom-based GW antenna (see Fig. 1.1(a)) is similar to well-established atom interferometric
gravity gradiometers. Dilute clouds of ultracold atoms at either end of the baseline act as inertial test
masses, and laser light propagates between the atoms. To implement atom interferometry, the lasers
from sources S1 and S2 are briefly pulsed a number of times during each measurement cycle. The paths
of these light pulses appear as wavy lines in Fig. 1.1(b). The two diamond-shaped loops represent the
atom interferometers. Interaction with a light pulse transfers momentum to the atom and toggles the
atomic state between the ground and the excited states. As a result, the light pulses act as beam-splitters
and mirrors for the atom de Broglie waves, dividing them into a quantum superposition of two paths and
eventually recombining them. Similar to an atomic clock, the phase shift recorded by each atom
interferometer depends on the time spent in the excited state, which here is directly tied to the light travel
time (L/c) across the baseline. GWs can be detected because they modulate the light travel time



WHY NEW PHYSICS



WHY NEW PHYSICS?
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WHY NEW PHYSICS?



HUBBLE TENSION 



CMB ANOMALIES
Wiley Online Library
Large-Angle Anomalies in the CMB - Copi ...Wiley Online Library

Large-Angle Anomalies in the CMB - Copi ...

https://onlinelibrary.wiley.com/doi/10.1155/2010/847541
https://onlinelibrary.wiley.com/doi/10.1155/2010/847541
https://onlinelibrary.wiley.com/doi/10.1155/2010/847541
https://onlinelibrary.wiley.com/doi/10.1155/2010/847541


MODIFICATIONS OF GENERAL RELATIVITY

Berti et al. 



PULSAR TIMING ARRAYS

The proposal to use pulsars as
GW detectors was originally
made by Sazhin (1978) and
Detweiler (1979) iThe idea is to
treat the solar system
barycenter and a galactic
pulsar as opposite ends of an
imaginary arm in space.

In 1983, Hellings and Downs[ extended
this idea to an array of pulsars and
found that a stochastic background
of GWs would produce a distinctive
GW signature: a quadrupolar spatial
correlation between arrival times of
pulses emitted by different millisecond
pulsar pairings that depends only on
the pairing's angular separation in the
sky as viewed from Earth (actually the
solar system barycenter). The key
property of a pulsar timing array is that
the signal from a stochastic GW
background will be correlated across
the sightlines of pulsar pairs, while that
from the other noise processes will not.

overlap reduction function
Credit: NANOGrav

Assumptions: Isotropic GW that obeys Einstein’s general relativity.
It is valid for "long-arm" detectors like pulsar timing arrays, where
the wavelengths of typical GWs are much shorter than the "long-
arm" distance between Earth and typical pulsars

https://en.wikipedia.org/wiki/Pulsar_timing_array


Credit: NANOGrav

STOCHASTIC GRAVITATIONAL WAVES 
DETECTION

The pulsar acts as the reference clock
at one end of the arm sending out
regular signals which are monitored by
an observer on Earth. The effect of a
passing long-wavelength GW would be
to perturb the galactic spacetime and
cause a small change in the observed
time of arrival of the pulses.

Detection residuals in
the time delay in the
pulsar signals



STOCHASTIC GRAVITATIONAL WAVES 
DETECTION

Credit Chris, Choi

!"#$ polarization tensor

In the barycenter reference frame of the solar system, the frequency 
shift is characterized by the redshift % & = #()# *

#(
and averaged 

redshift: %̃ , ≡ ∫ /01Ω %(,, Ω)

β is the normalization factor introduced so that Γ(|f|) = 1/2 for coaligned coincident 
pulsars to match the conventions of the Hellings-Downs (HD) correlation



De Rham 2017

Escamilla-Rivera and Fabris 2021 

MASSIVE GRAVITY

Sobhan Kazempour

Shankaranarayanan & Johnson



TESTS OF MASSIVE GRAVITY

Yukawa-like exponential suppression is expected when the
force carrier possesses a nonzero mass. In the case of MG,
suppression of the gravitational potential is of the form

! ∝ #$% [−()*/*]
There is also a suppression of GWs at wavelengths larger than
the Compton length scale of the graviton *) ∼ ()

./

Modification of the dispersion relation gains a massive term,
implying a difference between the GW propagation speed 0)
and the speed of light 0, which can be used to constrain ().

Additional degrees of polarization are characterized by the
additional helicity ±1 and 0 modes. Certain theories of MG,
such as the minimal theory of MG, only have two tensor modes,
as in GR, but a general theory of MG that assumes Lorentz
invariance will have five in total, De Rham-Gabadadze-Tolley
model

Fiertz-Pauli

De Rham 2014, Living Review



PULSAR TIMING ARRAYS DATA AND 
ADDITIONAL POLARIZATIONS

The analyses in this Letter, as well as those in Bernardo & Ng
(2023c) and Chen et al. (2023), do not rule out the possibility of
ST correlations in our data. However, our analysis also shows no
statistical need for an additional stochastic process with ST
correlations.



ADDITIONAL POLARIZATIONS MODES 
AND MASSIVE GRAVITY

Credit Chris ChoiResults does not depend if the source is astrophysical or cosmological



PULSAR TIMING ARRAYS AND 
MASSIVE GRAVITY

!" ≡ !$% &( " ( − %* ()/|"|,  %* ≡ |" . |

. ≡ %/ = 223: .( = |"|( + 67(



OVERALL REDUCTION FUNCTION

Choi and Kahniashvili 2025



MORE DATA – MORE QUESTIONS



PULSAR TIMING ARRAYS DATA 

A rigorous fitting to NANOGrav15 without considering E has been done in Arjona
et al. 2024, which found that the best-fit ratio to the frequentist-optimal statistic of
NANOGrav15 is |k|/k0 ∼ 0.73. It is set ΩV = ΩS and had ΩT as the second fit
parameter, obtaining a best-fit value of 0.46 and a χ2 of 6.91, slightly worse than
our 6.59. While we do observe tension between the PTA datasets and the HD
interpretation, opening the door for beyond-GR theories such as MG to provide a
better fit, it may be addressed by more data from higher precision measurements
and extended observing campaigns, as well as improved modeling techniques.

Choi and Kahniashvili 2025



DISPERSION RELATION

! ≡ #$ = 2'(: !* = |,|* + ./*

0123 − dutation of pulsar observations
56 − time between observations

Best case scenario: 3.17 ×10=>$ ?@ < ( < 8.27 ×10=C?@
→ . ∼ 1. F31 ×10=*GFH

LIGO/VIRGO – propagation speed: 1-2 magnitudes weaker limits!

Still too weaker to influence cosmology (dRGGT – model) Cosmology needs 10-31 eV

Wu et al. 2023

Results does not depend if the source is astrophysical or cosmological



Sensitivity of current (solid) and future (dashed) gravitational-wave
(GW) observatories to stochastic GW backgrounds (expressed in
terms of the energy density fraction in the universe today). On the
upper x-axis, the temperature in the early universe is given, which is
obtained when the peak frequency of a GW signal is equal to the
inverse of the expansion rate when GWs are emitted. Some example
possible GW spectra from the early universe are also shown (pink,
dashed). F. Rompineve/ arXiv:2101.12130/arXiv:2002.0461

Credit: CERN Courier, 2021

SIGNAL FROM EARLY UNIVERSE?

Credit: Liu, Wu, Chen



EARLY UNIVERSE GRAVITATIONAL WAVES: 
PARAMETRIC RESONANCE

Ho et al. 2025

Grishchuk 1974



Gumrukcuoglu et al. 2012 

!" = $"%&'()")= $"+"/ - the horizon crossing occurs at time . = ./ ,
when both the momentum and the mass term contribute equally to the
frequency, !0 ≡ $0%&' )0 The momentum of the mode for which, the
mass term starts to dominate from today on,

PARAMETRIC RESONANCE IN MASSIVE 
GRAVITY



Gumrukcuoglu et al. 2012 



Choi et al. 2023

Fujita et al. 2018

TIME DEPENDENT GRAVITON MASS



Choi et al. 2023



15-YR DATA NANOGRAV

Astrophysical:
ü Super massive black hole binary 

(SMBHB)
(Phinney 2001): γ=13/3

Cosmological:
ü Bubbles collisions (Kosowsky et. al. 

1993)
ü Inflation (Vagnozzi 2020)
ü Cosmic strings (Blanco-Pillado et al. 

2020) 
ü Sound Waves (Hindmarsh et al. 2014)
ü Seed magnetic fields (Neronov et. al. 

2020)
ü Hydrodynamic and MHD Turbulence 

(Brandenburg et al. 2021)

The NANOGrav 15 yr Data 
Set: Detection of a 
Gravitational-wave 
Background

Credit: Emma Clarke



COSMOLOGICAL PHASE TRANSITIONS: 
BUBBLES 

The energy per octave radiated in gravity 
waves for a phase transition with spherical 
bubbles expanding at velocity v, for v = 
0.2, v = 0.4, v = 0.6, v = 0.8, and v = 1.0.

Kosowsky, et al, 1992a,b & 1993,  Kamionkowsky et al. 1994

• T∗ – the Universe temperature at which the PT 
takes place.  

• α∗ – the strength of the phase transition, 
defined as the ratio of the vacuum and 
relativistic energy density at PT

• β/H∗ – the bubble nucleation rate in units of 
the Hubble rate at the time of the PT, H∗. 

• v – the velocity of the bubble walls. For follow papers see: Caprini and Figueroa 2018



COSMOLOGICAL PHASE TRANSITIONS: 
HYDRO- AND MHD TURBULENCE

Kosowsky, et al, 2002, Caprini & Duurer, 2006, Gogoberidze et al. 2007

For follow papers see: Caprini and Figueroa 2018



COSMOLOGICAL PHASE TRANSITIONS: 
SOUND WAVES 

For follow papers see: Caprini and Figueroa 2018

Hindmarsh et al. 2014, 2015



PULSAR TIMING ARRAYS: 
COSMOLOGICAL PHASE TRANSITIONS



PULSAR TIMING ARRAYS  AND 
NEW PHYSICS

NANOGrav 2023 

Figueroa et al. 2024



ANISOTROPIC PHASES AND 
GRAVITATIONAL WAVES



magnetic field origin
• red-inflation
• yellow- phase transitions

WHY PRIMORDIAL TURBULENCE?

F. Hoyle 
in Proc. “La structure 
et l’evolution de 
l’Universe” (1958) 

Donnert et al. 2018

A. Neronov & E. Vovk,” Evidence for Strong 
Extra-galactic Magnetic Fields from Fermi 
Observations of TeV Blazars”, Science 328, 
5974  (2010)



Brandenburg and Kahniashvili 2017 

HYDRO – AND MHD TURBULENCE : 
GRAVITATIONAL WAVES

See 
• Alberto Roper Pol 

Colloquium
• Axel Brandenburg talkRoper Pol et al.. 2019



HYDRO – AND MHD TURBULENCE : 
GRAVITATIONAL WAVESCredit: Axel Brandenburg

Kahniashvili et al. 2022



PRIMORDIAL MAGNETIC FIELDS LIMITS 
FROM BBN

ØEXTRA RADIATION LIKE ENERGY DENSITY 
LESS THAN ~3% OF THE RADIATION 
ENERGY DENSITY AT BBN

Ø THE UPPER BOUND ON THE MAGNETIC 
(EFFECTIVE) AMPLITUDE  ORDER OF 
MICROGAUSS AT BBN

ØACCOUNTING FOR THE MAGNETIC 
FIELD DECAY:

v THE MAGNETIC ENERGY DENSITY DOES 
NOT EXCEED THE RADIATION ENERGY 
DENSITY AT THE MOMENT OF 
GENERATION

vBBN BOUNDS ARE SATISFIED

Possible turbulent evolution of the comoving MF strength B (and
correlation length ξM from generation at the EW and QCD scales in the
cases of fully helical (β = 0 ), nonhelical (β = 1, 2, 4), and partially helical
MHD turbulence. Upper limits on ξM are determined by the size of the
horizon and number of domains (bubbles) at generation, ranging from 1
to 6 (at QCD) or 100 (at EW), depending on the PT modeling. Lines
terminate (on the right) at recombination (T = 0.25 eV). The upper limit of
the comoving MF strength at BBN (T = 0.1 MeV) is indicated by the black
dot-dashed line. Regimes excluded by observations of blazar spectra are
marked in gray. The hatched regions are bounded by an (upper) limit
from BBN and a (lower) limit from the blazar spectra.,

Kaahniashvili, et al. 2022



GRAVITATIONAL WAVES FROM 
PRIMORDIAL HD & MHD TURBULENCE

Kaahniashvili, et al. 2022



PULSAR TIMING ARRAYS AND EARLY 
UNIVERSE TURBULENCE 

The GWB produced from vortical (M)HD turbulence is therefore determined by three 
parameters: the temperature scale T∗, the turbulence strength Ω∗, and the turbulence 
characteristic length scale λ∗H∗. 



GRAVITATIONAL WAVES POLARIZATION

• Matter-Antimatter Asymmetry –
Baryongenesis and Leptogenesis

• CP Symmetry Breaking/Chern Simons

• Chiral Magnetic Fields…

See 
• Axel Brandenburg talk
• Igor Rogachevski talk
• Jennifer Schober talk
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