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A cosmological background produced by the superposition of a large 
number of independent gravitational-wave signals from the early 
Universe is expected to be Gaussian (via the central limit theorem), as 
well as isotropically-distributed on the sky. Contrast this with the 
superposition of gravitational waves produced by unresolved Galactic 
white-dwarf binaries radiating in the LISA band (10−4 Hz to 10−1 Hz). 
Although this confusion-limited astrophysical foreground is also 
expected to be Gaussian and stationary, it will have an anisotropic 
distribution, following the spatial distribution of the Milky Way. The 
anistropy will be encoded as amodulation in the LISA output, due to the 
changing antenna pattern of the LISA constellation in its yearly orbit 
around the Sun. 



Gravitational Waves from Phase Transitions
Pioneering works:

� Winicour 1973

� Hogan 1982, 1986

� Turner & Wilczek 1990  

� Kosowsky, Turner, Watkins. 1992 

� Kosowsky & Turner 1993

� Kamionkowski et al. 1994
C. Hogan, 2006

First order phase transitions?



Turbulence

Astrophysical plasma



• Cosmological Phase Transitions 
Bubbles collisions and nucleation

Quashnock, et al. 1989

Baym et al. 1995

Possible Sources

• Primordial Magnetic Fields 
Galishnikova et al. 2022

Ryu et al. 2020



Modeling Primordial Turbulence
• primordial plasma is perfect conductor
• interaction between primordial magnetic fields and 

fluid (plasma)
• development of turbulence and vs. generation of 

magnetic fields

Penders, Jones, Porter, 2019



The space interferometer will be a
unique device to observe the
gravitational radiation from
anisotropic phases possible at the
energy scales 1TeV-100GeV.

Pulsar Timing Array (PTA) are sensible to
gravitational waves generated or present at
QCD energy scales

Primordial Magnetic Fields and Turbulence 
Gravitational Waves



Waves from Turbulence

Lighthill, 1952;  
Proudman 1952 

What is the difference?



Nicolis 2004

Gravitational Waves from Turbulence

Gogoberidze, et al.  2007



� To account properly non-linear 
processes (MHD)

� Not be limited by the short duration of 
the phase transitions  

� Three stages turbulence decay
� Forced turbulence
� Stationary turbulence
� Free decay 

� The decaying source is present till 
recombination (after the field is frozen 
in)

� Results – strongly initial conditions 
dependent

� It is assumed the stationary turbulence 
while in reality  turbulence decays

Grishchuk 1974

Numerical Simulations

Roper Pol et al. 2019
Kahniashvili et al. 2021



Three Stages of Generation

Kahniashvili et al. 2020 



Roper Pol et al. 2019

Magnetic and GW energy spectra averaged 
over late times (t > 1.1), after the GW 
spectrum has started to fluctuate around a 
steady state.

Spectra of  h0
2 ΩGW (f) and hc(f) evaluated 

at the present time, along with the LISA 
sensitivity curve (green dot-dashed line) to 
a stochastic GW background after four 
years of mission.

LISA Cosmology Group



Pulsar Timing Arrays: nanoGrav

NANOGrav 12.5-year sensitivity range of 1–100 nHz

Arzoumanian et al (2021)  



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 Seed magnetic fields and MHD Turbulence 

(Neronov et. al. 2020)
ü Hydrodynamic and MHD Turbulence 

(Brandenburg et al. 2021)
Credit: Emma Clarke

QCD energy scale



NanoGrav & Phase Transitions



Kahniashvili et al. 2021

Credit: Emma Clarke



Garcia-Bellido et al. 2021

Gravitational Waves Missions



Take Home Comments
� Cross-correlating data between different observations:

vPTAs
vAstrometric missions: Gaia, Theia

� Advance Numerical Simulations Technique to Model 
Primordial Magnetic Fields and Turbulence

� Determine the mechanisms insuring the presence of 
viable magnetic field/turbulent sources in the early 
universe and correspondingly correct initial conditions:
vPrimordial magnetogenesis
vBubble collisions/nucleation – more realistic models
vSound waves as a source for turbulence
vAxions driven turbulence and axion like particles driven 

inflation
vChiral sources and gravitational waves polarization



Thank you!

Questions?



Gravitational Waves Polarization 

� If the parity in the early 
universe is violated –
relic gravitational waves 
are polarized. 

� The standard model 
predicts un-polarized 
gravitational waves

Linearly polarized + and X



� Assuming stationary
Kolmogoroff like turbulence 
(HK) or stationary helical 
Kolmogoroff turbulence (HT)

Kisslinger and Kahniashvili 2015 Ellis et al. 2020

Kahniashvili, et al.  2005



polarization spectrum

� Polarization spectrum 
retains information on 
parity violation at large 
wavelengths 
� Inverse cascading? 

Kahniashvili et al. 2020 



more about polarization

Roper Pol et al 
2021



Roper Pol et al 
2021

24



detection prospects

arXiv:1910.08052 [astro-ph.CO]

ü Dipolar anisotropy 
introduced by our 
proper motion, Seto
2006  (for LISA and 
ET)

ü Curvature of the 
Earth for ground 
based detectors, Seto
& Taruya 2007, 2008

Domske et al. 2019: 
In the present work we reconsider previous results by taking into account
the full response functions and noise curves in the entire frequency band
(for planar detectors). Moreover, we provide fully analytical and covariant
expressions for the (parity-sensitive) response functions of a ground-based
detector network.



Roper Pol et al 
2021


