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 Gravitational waves from primordial  
turbulence

 Numerical simulations
 NANOGrav signal possible sources:

• QCD energy scales
 What is next?

Outline
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• The very early universe 
(inflation)

• Topological defects/strings
• Cosmological phase transitions

– Bubble nucleation/collisions
– Sound waves
– Hydro turbulence
– MHD turbulence

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



gravitational waves from anisotropic stresses

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

Magnetic fields;
Turbulence (hydro & MHD)

Pulsar Timing Array
(PTA) are sensible to
gravitational waves
generated or present
at QCD energy scales 2



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?

Crossover: beyond-SM physics: 
axion-driven turbulence, Miniati et al. 
2018
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gravitational waves primordial turbulence?

Nicolis 2004

Aero-acoustic approximation:
 sound waves generation by turbulence
 Gravitational waves generation

Lighthill, 1952;  Proudman 1952 

Kosowsky, Mack, Kahniashvili, 2002
Dolgov, Grasso, Nicolis, 2002
Gogoberidze, Kahniashvili, Kosowsky, 2002
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why primordial turbulence?

Bubble nucleations

Baym et al. 1995

Quashnock, et al. 1989

Magnetic fields

 Injection of the magnetic energy at a given scale 
(phase transition bubble)

 Coupling of the magnetic field with primordial 
plasma

Kahniashvili, et al. 2010 5



why primordial magnetic fields?

Neronov and Vovk 2010
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different magnetogenesis probes

• Gravitational waves propagate 
almost freely and retain the 
information about the source and 
physical processes

– Frequency determines the 
source characteristic length 
scale

– Amplitudes – the source 
efficiency and energetics.

Credit: Emma Clarke

magnetic fields at recombination
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NANOGrav 12.5 years observations: 
NANOGrav 12.5-year sensitivity range of 1–100 nHz

Arzoumanian et al (2020) 
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Arzoumanian et al (2021)  



Possible Sources:

Astrophysical:
 Super massive black hole binary (SMBHB)
(Phinney 2001): γ=13/3

Cosmological:
 Bubbles collisions (Kosowsky et. Al. 1993)
 Inflation (Vagnozzi 2021)
 Cosmic strings (Blanco-Pillado et al. 2021) 
 Seed magnetic fields (Neronov et. al. 2021)
 Hydrodynamic and MHD Turbulence 

(Brandenburg et al. 2021) Credit: Emma Clarke

QCD energy scale
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NANOGrav 12.5 years observations vs. QCD: 
Arzoumanian et al (2021)  
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The values of (α, T) for these
maximum likelihood spectra are
(2.3, 2.8 MeV) for the envelope
results, (2.3, 1.7 MeV) for the
semi-analytic results, and (2.1,
2.5 MeV) for the numerical
result

 T the Universe temperature at which the phase
transition takes place.

 α the strength of the phase transition, defined as
the ratio of the vacuum and relativistic energy
density at the time of the phase transition.

 β/H the bubble nucleation rate in units of the
Hubble rate at the time of the phase transition

Maximum likelihood GWB fractional energy-density
spectrum compared with the marginalized
posterior for the free power. spectrum
(independent per-frequency characterization; red
violin plot). The blue, oranage, and green lines
represent the maximum likelihood spectra derived
using the envelope, semi-analytical, and numerical
results for the bubble contribution. The breakdown
of the spectrum is shown in the three
contributions: bubble (dashed lines), sound waves
(dash-doted lines), and turbulence (dotted lines).



numerical simulations
 To account properly non-linear 

processes (MHD)

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

 Two stages turbulence decay

• Forced turbulence

• Free decay 

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

 Results – strongly initial 
conditions dependent

Grishchuk 1974

Brandenburg et al (2021) 
[arXiv:2102.12428] 
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Results

Brandenburg et al (2021) 
[arXiv:2102.12428] 12



Results

Evolution of EM(t) and EGW(t) for nonhelical (left) and helical (right) cases. Orange, 
black, blue, and red are for kf = 2, 6, 20, and 60, respectively.

Brandenburg et al (2021) 
[arXiv:2102.12428] 
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Results

Brandenburg et al (2021) 
[arXiv:2102.12428] 
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Results

Brandenburg et al (2021) [arXiv:2102.12428] 15



Results

Brandenburg et al (2021) [arXiv:2102.12428] 

Magnetic energy spectra for the (a) 
nonhelical and (b) helical cases
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Conclusions  Magnetic stress from hydrodynamic
and MHD turbulence with scales
comparable to the cosmological
horizon scale at the QCD transition
can drive GWs in the range accessible
to NANOGrav if the magnetic energy
density is 3-10% of the radiation
energy density.

Credit: Emma Clarke

 The specific features of the spectrum near
the peak are different for helical and
nonhelical turbulence. This could, in
principle, give information about the
presence of parity violation, when would
also lead to circularly polarized GWs.

 Our work’s new insights regarding
the possibility of using an observed
GW spectrum for making statements
about the nature of the underlying
turbulence in the early universe. One
is the already mentioned slope of the
subinertial range spectrum. Another
is the position of the peak of the
spectrum
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Next steps

Determine the mechanisms insuring the presence of viable 
turbulent sources and correspondingly correct initial 
conditions:

 Primordial magnetogenesis
 Bubble collisions/nucleation – more realistic models
 Sound waves as a source for turbulence
 Axions driven turbulence and axion like particles 

driven inflationary new physics
 Low temperature re and pre-heating

Cross-correlating data between different 
observations:

 PTAs
 Astrometric missions: Gaia, Theia

Garcia-Bellido et al. 2021
arXiv: 2104.04778
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