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Outline

• Introduction to gravitational wave signals from the early 
universe 


- What they are

- How we could detect them (LISA, PTA)

- Discovery potential

- How they are connected to primordial magnetic fields


• Results

- Possible signals at LISA and PTA

- (More technical) how is the signal predicted? What is new? 




the superposition of sources that cannot be resolved individually

• Compact binaries too numerous and with too low SNR to be 
identified

The stochastic gravitational wave background



the superposition of sources that cannot be resolved individually

• Compact binaries too numerous and with too low SNR to be 
identified


• signals from the primordial universe with too small correlation scale 
(typically horizon at the time of production) with respect to the 
detector resolution

Adams and Cornish, 1307.4116

GWs can bring direct information from 
very early stages of the universe 

evolution, to which we have no direct 
access through em radiation


amazing discovery potential, linked to 
high energy physics -> 

primordial magnetism

The stochastic gravitational wave background



LISA: Laser Interferometer Space Antenna

10
�4

Hz < f < 1 Hzfrequency range of detection:

• no seismic noise 

• much longer arms than on Earth: 2.5 million km

LISA collaboration arXiv:1702.00786

Space-based GW detection

• Coalescing massive BH binaries: 
104 to 107 solar masses


• Inspiralling black hole binaries of 
few to hundred solar masses 


• Inspiralling galactic binaries (white 
dwarfs, neutron stars…)


• Extreme Mass Ratio Inspirals

• Stochastic GW background from 

astrophysical and cosmological 
sources

TARGET SOURCES:



Pulsar timing array

10
�9

Hz < f < 10
�7

Hzfrequency range of detection:

TARGET SOURCE: 

Super Massive BH binaries (masses of order 
109 solar masses):

stochastic background from inspirals and/or 
resolved signals

Space-based GW detection

OBSERVABLE: 

correlated shifts in time of arrivals of radio pulses due to GW propagation between 
Pulsar and Earth

Recent discovery of correlated noise in all 
Pulsar networks! 

(NanoGrav, Parkes, European, International)

Z. Arzoumanian et al, arXvi: 2009.04496, B. Goncharov et al, 
arXiv:2107.12112, S. Chen et al, arXiv:2110.13184



Pulsar timing array

Space-based GW detection

• There is a strong statistical support for the presence of a common red noise 

• There is no evidence yet for a quadrupolar signal 

• Possible explanation: background from SMBHBs (but compatible with MHD 

turbulence from the early universe) 

Z. Arzoumanian et al, arXvi: 2009.04496, 
B. Goncharov et al, arXiv:2107.12112, S. 

Chen et al, arXiv:2110.13184

Figure from:

S. Babak & S. Chen, 2021



ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]

GWs are tensor perturbations of the FRW metric:

superimposed on the homogeneous and 
isotropic background

hi
i = @jh

j
i = 0|hij | ⌧ 1

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ij
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Ḡµ⌫ + �Gµ⌫ = 8⇡G (T̄µ⌫ + �Tµ⌫)

GWs in the early universe

ACTIVE GW SOURCE

tensor anisotropic stress, for example from EM field:
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⇧TT
ij ⇠ [�EiEj �BiBj ]

TT



A GW source acting at time t✻ in the early universe cannot produce a signal 
correlated on length/time scales larger than the causal horizon at that time

<latexit sha1_base64="INJDhmIK3B6GS6CKZSmM06AbAsg=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBGkYElE0WXBTZcV7AOaGCbTm3bo5OHMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fsKZVJb1baysrq1vbJa2yts7u3v75sFhR8apoNCmMY9FzycSOIugrZji0EsEkNDn0PXHN1O/+whCsji6U1kCbkiGEQsYJUpLnllxgHOv5nB4wE2vdp+f2RPPrFp1awa8TOyCVFGBlmd+OYOYpiFEinIiZd+2EuXmRChGOUzKTiohIXRMhtDXNCIhSDefHT/BJ1oZ4CAWuiKFZ+rviZyEUmahrztDokZy0ZuK/3n9VAXXbs6iJFUQ0fmiIOVYxXiaBB4wAVTxTBNCBdO3YjoiglCl8yrrEOzFl5dJ57xuX9at24tqo1HEUUJH6BidIhtdoQZqohZqI4oy9Ixe0ZvxZLwY78bHvHXFKGYq6A+Mzx8wP5PQ</latexit>

`⇤  H
�1
⇤

<latexit sha1_base64="Fy2erUQJTwZxdbzjX28AyaLNVsw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDEQ9gVRY8BLx4jmAckS5iddJIxszPLzKwQlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlAhurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSqGdaZEkq3ImpQcIl1y63AVqKRxpHAZjS6nfrNJ9SGK/lgxwmGMR1I3ueMWic1OihE97xbKvsVfwayTIKclCFHrVv66vQUS2OUlglqTDvwExtmVFvOBE6KndRgQtmIDrDtqKQxmjCbXTshp07pkb7SrqQlM/X3REZjY8Zx5Dpjaodm0ZuK/3nt1PZvwozLJLUo2XxRPxXEKjJ9nfS4RmbF2BHKNHe3EjakmjLrAiq6EILFl5dJ46ISXFX8+8tytZrHUYBjOIEzCOAaqnAHNagDg0d4hld485T34r17H/PWFS+fOYI/8D5/ACs4jto=</latexit>

`⇤ characteristic length/time-scale of the source

typical size/time of the tensor anisotropic stresses

characteristic frequency of the GW signal
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Ratio of the typical length/time-scale of the GW 
sourcing process to the Hubble scale at the 

generation time
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Characteristic frequency of the GW signal
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What is/will be known about a stochastic GW background:

aLIGO/Virgo
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Are there signals to populate this diagram?



• Background from the very early universe


• Inflation: 

- quantum tensor fluctuations (at first and second 

order) 

- tensor modes from additional fields (scalar, gauge…) 

- GWs linked to primordial BHs

- preheating

- modifications of gravity

- …


• Other phase transitions: 

- stable topological defects (in particular strings) 

- first order phase transitions


- bubble wall collisions

- bulk fluid motion (compressional and vortical)

- magnetic fields

• Foreground from astrophysical sources (galactic binaries, stellar origin BHB…) 
- to be accounted for or subtracted if the spectral shape is known

Examples of SGWB sources in the early universe



Sources of tensor anisotropic stress 

at a first order phase transition: 

• Bubble collision 
(scalar field gradients)


• Bulk fluid motion


• Electromagnetic fields 


ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT
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GW sourcing process



• In the Standard Model at zero baryon 
chemical potential it is a cross-over, 
negligible GW production

• It depends on the (uncertain) 
conditions of the early universe

D. Schwarz and Stuke, arXiv:0906.3434

M. Middeldorf-Wygas et al, arXiv:2009.00036

• PTA observatories (NANOGrav, Parkes, European) have recently measured 
common noise excess 


• It is compatible with the GW generated by fully developed MHD turbulence 
at the QCD scale 

PTA (nHz) are sensitive to energy scales around the QCD scale, so they can probe 
physical processes connected to the QCDPT IF it is first order

A. Neronov et al, arXiv:2009.14174

Z. Arzoumanian et al, arXvi: 2009.04496, B. Goncharov et al, 
arXiv:2107.12112, S. Chen et al, arXiv:2110.13184

QCD phase transition and Pulsar Timing Array noise excess

T. Boekel and J. Schaffner-Bielich, arXiv:1105.0832



• The temperature scale is constrained to 2 MeV < T✲ < 200 MeV, the magnetic field 
energy density must be close to 10% of the radiation energy density and the magnetic 
correlation scale must be close to the horizon

• For QCD temperature scales, the part of the GW spectrum falling in the region of best 
quality PTA data is the sub-peak one


- Slopes (k3 or k1) fully compatible with PTA constraints 


- Visible break in the spectrum occurring at 

Regions compatible with the PTA 
observations, a GW spectrum 

must lie within them 

The parameters are
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k ⇠ HQCD

QCD phase transition and PTA noise excess: 
MHD turbulence from first order PT?
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• The magnetic field giving rise to the GW signal evolves in the radiation era

Banerjee and Jedamzik arXiv:0410032, 
Durrer and Neronov, arXiv:1303.7121

S. Galli et al, arXiv:2109.03816

Jedamzik and Pogosian, arXiv:2004.09487


Korochin et al, arXiv:2007.14331

• It might modify the CMB spectrum and ease the Hubble tension at recombination, 
seed the magnetic fields observed today in matter structures, 

and be constrained by future gamma-ray telescopes
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Standard Model 

of particle physics: 


Cross-over

Negligible GW production

Beyond the Standard Model: 

First order phase transition


Possibly observable GW production

Electroweak phase transition: phase transition of the Higgs 
field, driven by the temperature decrease as the universe expands 

M. Hindmarsh et al, 
arXiv:2008.09136

- singlet/multiplet extensions of  SM or 
MSSM (SUSY motivated or not)


- SM plus dimension six operator (EFT 
approach)


- Dark Matter sector uncoupled to the SM

- Warped extra dimensions

- …

Examples of scenarios leading to 
observable signals:



One example of GW signal from the EW phase transition 

“Higgs portal” scenario

MHD turbulence

sound waves
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Can be probed both at LISA and at the High Luminosity LHC

Strength of the first order EW phase transition
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Prediction of the stochastic GW signal from 

magneto-hydrodynamic turbulence 

in the aftermath of a first order PT



Magneto-hydrodynamic turbulence 
from a first order PT

• Turbulence is a phase of chaotic fluid motion, in general it presents both 
dilatational and vortical components 


• It arises when the advection term in Navier-Stokes equation is larger than 
the diffusion one: large Reynolds number

Kinetic viscosity from the particle content (neutrinos)

• Turbulence is expected to occur in the early universe

• If an initial electromagnetic field is also present, the magnetic field will be 
amplified to equipartition with the kinetic energy, while the electric one will 
be dissipated (the conductivity is very high)
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• The full system is composed by: scalar field driving the transition, surrounding 
fluid to which the field is coupled, magnetic field “frozen into the fluid”

• This system can be highly non-linear for strongly first order PTs, when the 
energies in the game (vacuum, kinetic) are high: it needs to be tackled through 
simulations 

Magneto-hydrodynamic turbulence 
from a first order PT

A. Roper Pol et al, 
arXiv:1903.08585 and other 
works by the Nordita group

• Pencil code (Nordita group): 
simulates MHD turbulence (present 
in the initial conditions or induced 
by adapted forcing), relativistic up 
to order v2

• SCOTTS code (Helsinki group): 
coupled dynamics of the field-fluid 
system, no magnetic field, relativistic

Helsinki/Sussex group, 

M. Hindmarsh et al, 

arXiv:1304.2433 and following

D. Cutting et al, arXiv:1906.00480

Both codes output the GW signal 



• In this conditions, the main source of GW are sound waves 


• Bubble walls collision is subdominant, no turbulence seen (linear regime)

Helsinki/Sussex group, M. Hindmarsh et al, arXiv:1304.2433 and following


• But in simulations reaching the mildly non-linear regime, vorticity is generated 
D. Cutting et al, arXiv:1906.00480

strength of the PT

(bag EoS)

<latexit sha1_base64="l2ehMxGFYabTP3BH3+0DLp3mKgI=">AAACG3icbVDLSgMxFM34rPU16tJNsAjiosxUURcKRTcuK9gHdMZyJ820oZkHSaZQhvkPN/6KGxeKuBJc+Dem0y609UDCyTn3cnOPF3MmlWV9GwuLS8srq4W14vrG5ta2ubPbkFEiCK2TiEei5YGknIW0rpjitBULCoHHadMb3Iz95pAKyaLwXo1i6gbQC5nPCCgtdcyKAzzuw5XjCyCpI/pRR98BHgLJsvz9cDxRBHSz7NIq2x2zZJWtHHie2FNSQlPUOuan041IEtBQEQ5Stm0rVm4KQjHCaVZ0EkljIAPo0bamIQRUumm+W4YPtdLFfiT0CRXO1d8dKQRSjgJPVwag+nLWG4v/ee1E+RduysI4UTQkk0F+wrGK8Dgo3GWCEsVHmgARTP8Vkz7olJSOs6hDsGdXnieNStk+K5/cnZaq19M4CmgfHaAjZKNzVEW3qIbqiKBH9Ixe0ZvxZLwY78bHpHTBmPbsoT8wvn4AbOmhoA==</latexit>

↵ =
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⇢⇤rad

< 0.1 time of the 
simulation

Magneto-hydrodynamic turbulence 
from a first order PT

It is challenging to observe the onset of MHD turbulence in these simulations

It can be done only with the SCOTTS code which simulates the phase transition

Our results are produced with a

fully developed turbulent spectrum


as initial conditions for the random velocity/magnetic field
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Analysis of the GW signal from (M)HD turbulence

• We construct a model of non-relativistic (M)HD turbulence and its anisotropic 
stresses improving on previous analytical analyses


• We validate it with (M)HD simulations using both codes, but with (M)HD 
turbulent spectra (velocity and magnetic) inserted in the initial conditions


• We calculate the SGWB spectrum 

1. From the simulations

2. From numerical integration of the source model (purely kinetic for 

now but work in progress for MF)

3. With analytical assumptions


• We provide an analytical template for the SGWB spectrum as a function of the 
(M)HD turbulence parameters, which can be easily used to estimate the signal

e.g. CC et al, arXiv:0909.0622 and Niksa et al, arXiv:1803.02271 

P. Auclair et al, arXiv:2205.02588 

A. Roper Pol et al, arXiv:2201.05630



Model of the source

The SGWB spectrum:

The anisotropic stress unequal time correlation function

 Assuming a gaussian, divergence-free source:
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We need to model the velocity and magnetic field unequal time correlators
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Model of the source

is the characteristic scale, at which the kinetic/magnetic energy is concentrated, 
connected to bubble size towards the end of the phase transition

is the source energy density parameter

fully developed turbulent/magnetic field spectrum, dissipating with time

causality

Kolmogorov
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<latexit sha1_base64="AlAIZtKHIsCCaxi1PjTZvZrO7Yw="></latexit>

Ps(k, ⌧) ⇠ ⌦s(⌧)`
5(⌧)

k2

{1 + [k`(⌧)]2}17/6

Source spectral density



Model of the source

Unequal time correlator

1. Velocity field: we build an extended version of Kraichnan decorrelation, based on 
Mercer’s condition for positive kernels

2. Magnetic field: similar decorrelation? 

Work in progress…

<latexit sha1_base64="huxfBHR/BbAEBZmBgKplQDV9BrE="></latexit>

Pv(k, ⌧, ⇣) =
p

Pv(k, ⌧)Pv(k, ⇣)

s
2vdc(k, ⌧)vdc(k, ⇣)

v2dc(k, ⌧) + v2dc(k, ⇣)
exp[�k2

(⌧ � ⇣)2

2
v2dc(k, ⌧, ⇣)]

Gaussian decorrelationSymmetrisationNormalisation

<latexit sha1_base64="D0tTFgdG9SumIRBipMBRsRemuiE="></latexit>

v2dc(k, ⌧) '
hv2i
3

 
1 + 0.2Kp
5/2 + 0.2K

!2

Valid beyond the inertial range
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Anisotropic stress unequal time correlator
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<latexit sha1_base64="rsjJk+QVR4gVxTKYY+CVA/x5+tI="></latexit>

h⇧̃ij(k, ⇣)⇧̃ij(q, ⌧)i = �(k� q)P⇧(k, ⇣, ⌧)

Model of the source

at equal time



• Characteristic time of the source evolution (both decay and decorrelation): 

eddy turnover time

<latexit sha1_base64="Uc2fV7VwKIRDZoToeZ9DW0RCbFY=">AAACIHicbZBNS8MwGMdTX+d8q3r0EhyCIIx2ivMizHnxOMG9wFpHmqVbWJqWJB2Mso/ixa/ixYMietNPY9ZV0c0/BH78n+dJ8vy9iFGpLOvDWFhcWl5Zza3l1zc2t7bNnd2GDGOBSR2HLBQtD0nCKCd1RRUjrUgQFHiMNL3B1aTeHBIhachv1SgiboB6nPoUI6WtjlkedpLL8YXjC4QThyHeYwRW70qOSHH84zmiH8Lj6NvvmAWraKWC82BnUACZah3z3emGOA4IV5ghKdu2FSk3QUJRrO/LO7EkEcID1CNtjRwFRLpJuuAYHmqnC/1Q6MMVTN3fEwkKpBwFnu4MkOrL2drE/K/WjpV/7iaUR7EiHE8f8mMGVQgnacEuFQQrNtKAsKD6rxD3kc5K6UzzOgR7duV5aJSK9lnx5Oa0UKlmceTAPjgAR8AGZVAB16AG6gCDe/AInsGL8WA8Ga/G27R1wchm9sAfGZ9fcjKjxg==</latexit>

vA =
hB2i
h⇢+ piFor the magnetic field: 

• Characteristic time of the GW production from 
the Green’s function:

<latexit sha1_base64="mOdhqDhE9D7D9efmixwcDkqBEPk=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7iroh6DXjxGMA/IhjA7O5sMmZldZnqVsAS8+CtePCji1Z/w5t84eRw0saChqOqmuytIBDfgut9ObmFxaXklv1pYW9/Y3Cpu79RNnGrKajQWsW4GxDDBFasBB8GaiWZEBoI1gv71yG/cM214rO5gkLC2JF3FI04JWKlT3PNDJoBg6GS+lrj7MMS+4RJ7x/1OseSW3THwPPGmpISmqHaKX34Y01QyBVQQY1qem0A7Ixo4FWxY8FPDEkL7pMtalioimWln4x+G+NAqIY5ibUsBHqu/JzIijRnIwHZKAj0z643E/7xWCtFlO+MqSYEpOlkUpQJDjEeB4JBrRkEMLCFUc3srpj2iCQUbW8GG4M2+PE/qJ2XvvHx6e1aqXE3jyKN9dICOkIcuUAXdoCqqIYoe0TN6RW/Ok/PivDsfk9acM53ZRX/gfP4AvvCW8Q==</latexit>

�tgw ⇠ 1/k

• GW production goes faster than source evolution for all relevant wave-numbers including the 
spectrum peak  

• We assume that the source is constant in time for a finite time interval

• We can then easily integrate to find the GW spectrum

<latexit sha1_base64="ihSxuhr+WyJf9xqlHL+kNhzFi3A=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDMq6rLoxpVUsA/olJJJ72gwyQzJHaEM/Qg3/oobF4q4deHOvzF9IL4OBA7nnEvuPVEqhUXf//Cmpmdm5+YLC8XFpeWV1dLaesMmmeFQ54lMTCtiFqTQUEeBElqpAaYiCc3o5nToN2/BWJHoS+yn0FHsSotYcIZO6pZ2wx5IZBS7eWgUjYUehFaoUDG85kzm54OvAHRLZb/ij0D/kmBCymSCWrf0HvYSninQyCWzth34KXZyZlBwCYNimFlIGb9hV9B2VDMFtpOPjhrQbaf0aJwY9zTSkfp9ImfK2r6KXHK4rP3tDcX/vHaG8XEnFzrNEDQffxRnkmJChw3RnjDAUfYdYdwItyvl18wwjq7Hoish+H3yX9LYqwSHlf2Lg3L1ZFJHgWySLbJDAnJEquSM1EidcHJHHsgTefbuvUfvxXsdR6e8ycwG+QHv7ROS358p</latexit>

�tfin ⇠ N �te

Model of the GW production

<latexit sha1_base64="QWPfyNW31xX4GjApUiI/A7oYOlA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WQIiVRUTdCqRt3VrAPaGqYTCft0EkmzEwKJeQH3Pgrblwo4ta9O//GaZuFth64cOace5l7jxcxKpVlfRu5hcWl5ZX8amFtfWNzy9zeaUgeC0zqmDMuWh6ShNGQ1BVVjLQiQVDgMdL0BtdjvzkkQlIe3qtRRDoB6oXUpxgpLbnmgXMbkB5y5ZXjC4QTR/S5mwyPq+lDKZ2+SqlrFq2yNQGcJ3ZGiiBDzTW/nC7HcUBChRmSsm1bkeokSCiKGUkLTixJhPAA9Uhb0xAFRHaSyTUpPNRKF/pc6AoVnKi/JxIUSDkKPN0ZINWXs95Y/M9rx8q/7CQ0jGJFQjz9yI8ZVByOo4FdKghWbKQJwoLqXSHuI52K0gEWdAj27MnzpHFSts/Lp3dnxUo1iyMP9sA+OAI2uAAVcANqoA4weATP4BW8GU/Gi/FufExbc0Y2swv+wPj8AaLRm+0=</latexit>

⌦s =
⇢⇤v,B
⇢⇤

<latexit sha1_base64="Gh2ODIDl10EFF666o10sNgeZxqc=">AAACEHicbVBNS8NAEN34WetX1KOXxSKKh5JIUS9C0YvHClaFpoTNdqKLu0nYnRRKyE/w4l/x4kERrx69+W/cfhz8ejDweG+GmXlRJoVBz/t0pqZnZufmKwvVxaXllVV3bf3SpLnm0OapTPV1xAxIkUAbBUq4zjQwFUm4iu5Oh/5VH7QRaXKBgwy6it0kIhacoZVCdyfogURGMSygPA5izXgRgJThXln0wyLQimplyjJ0a17dG4H+Jf6E1MgErdD9CHopzxUkyCUzpuN7GXYLplFwCWU1yA1kjN+xG+hYmjAFpluMHirptlV6NE61rQTpSP0+UTBlzEBFtlMxvDW/vaH4n9fJMT7qFiLJcoSEjxfFuaSY0mE6tCc0cJQDSxjXwt5K+S2zoaDNsGpD8H+//Jdc7tf9g3rjvFFrnkziqJBNskV2iU8OSZOckRZpE07uySN5Ji/Og/PkvDpv49YpZzKzQX7Aef8Cv0edsQ==</latexit>

�te =
`⇤
vrms

<latexit sha1_base64="xuFpNhY2f8dv6BqXlfLZCJeV83c=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0UQkZJIUVdSdeOygn1AU8JkOmmHziRhZlIoQ7Zu/BU3LhRx6x+482+ctllo64ELh3Pu5d57goRRqRzn2yosLa+srhXXSxubW9s79u5eU8apwKSBYxaLdoAkYTQiDUUVI+1EEMQDRlrB8Hbit0ZESBpHD2qckC5H/YiGFCNlJN+GwysvFAjrka+1JzgUXJ5m11mmPcKYf5L5dtmpOFPAReLmpAxy1H37y+vFOOUkUpghKTuuk6iuRkJRzEhW8lJJEoSHqE86hkaIE9nV008yeGSUHgxjYSpScKr+ntCISznmgenkSA3kvDcR//M6qQovu5pGSapIhGeLwpRBFcNJLLBHBcGKjQ1BWFBzK8QDZIJRJrySCcGdf3mRNM8q7nmlel8t127yOIrgAByCY+CCC1ADd6AOGgCDR/AMXsGb9WS9WO/Wx6y1YOUz++APrM8f+oCahg==</latexit>

k >
vrms,A

`⇤

<latexit sha1_base64="9xQh65qjcvQERY/wIUlucENs9iY="></latexit>

⌦gw(k, tfin) ⇡ (k`⇤)
3 ⌦2

s P̄⇧(k`⇤)

⇢
ln2[1 +H⇤�tfin] if k �tfin < 1
ln2[1 + (k/H⇤)�1] if k �tfin � 1



Validation of the source semi-analytical model with simulations: 
kinetic, SCOTTS code
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Gravitational wave power spectrum

<latexit sha1_base64="h/jBGbh+f5Dq6uckd6KG4vgw2JQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAgKUtpN1Isw9OJxgvuAtY40y7awNK1JOhhlv8GLf8WLB0W8evLmvzHtetDNB5I8PM/7JnkfP2JUKtv+NhYWl5ZXVgtrxfWNza1tc2e3IcNYYFLHIQtFy0eSMMpJXVHFSCsSBAU+I01/eJ36zRERkob8To0j4gWoz2mPYqS01DGPXfkgVOIyxPuMwNF9Gboi45NL26qcQNty0s2udMySPjLAeeLkpARy1Drml9sNcRwQrjBDUrYdO1JegoSiWF9fdGNJIoSHqE/amnIUEOkl2UgTeKiVLuyFQi+uYKb+7khQIOU48HVlgNRAznqp+J/XjlXvwksoj2JFOJ4+1IsZVCFM84FdKghWbKwJwoLqv0I8QAJhpVMs6hCc2ZHnSaNsOWdW5fa0VL3K4yiAfXAAjoADzkEV3IAaqAMMHsEzeAVvxpPxYrwbH9PSBSPv2QN/YHz+APK6mws=</latexit>p
hv2i = 0.3, 0.1, 0.03

<latexit sha1_base64="AgxV0AsLwJ3p5GNaSXo2JfpiE+o=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gE6aIkKupGKLrpsoJ9QBPCZHrTDp08mJkIJRQ3/oobF4q49Svc+TdO2i609cAwh3Pu5d57/IQzqSzr2ygsLa+srhXXSxubW9s75u5eS8apoNCkMY9FxycSOIugqZji0EkEkNDn0PaHt7nffgAhWRzdq1ECbkj6EQsYJUpLnnnghEQNKOFZfexVHODcq1xbVcuyPbOc/znwIrFnpIxmaHjml9OLaRpCpCgnUnZtK1FuRoRilMO45KQSEkKHpA9dTSMSgnSzyQljfKyVHg5ioV+k8ET93ZGRUMpR6OvKfGE57+Xif143VcGVm7EoSRVEdDooSDlWMc7zwD0mgCo+0oRQwfSumA6IIFTp1Eo6BHv+5EXSOq3aF9Wzu/Ny7WYWRxEdoiN0gmx0iWqojhqoiSh6RM/oFb0ZT8aL8W58TEsLxqxnH/2B8fkDKhKV+g==</latexit>

H⇤`⇤ = 0.001

(simulations are in 
flat-space time)
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Validation of the source semi-analytical model with simulations: 
MHD, Pencil code

• Transition from

<latexit sha1_base64="cv9hNzdLjEfV6NzlrQInAP3vLLI=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCeKiJFvVY9OKxgv2ApoTNdtIu3U3i7kYooTcv/hUvHhTx6l/w5r9x2+agrQ8GHu/NMDPPjzlT2ra/rdzC4tLySn61sLa+sblV3N5pqCiRFOo04pFs+UQBZyHUNdMcWrEEInwOTX9wPfabDyAVi8I7PYyhI0gvZAGjRBvJK+4PvNSVAsdABiNXMQH3uOLG7MQFzr1jr1iyy/YEeJ44GSmhDDWv+OV2I5oICDXlRKm2Y8e6kxKpGeUwKriJgpjQAelB29CQCFCddPLHCB8apYuDSJoKNZ6ovydSIpQaCt90CqL7atYbi/957UQHl52UhXGiIaTTRUHCsY7wOBTcZRKo5kNDCJXM3Ippn0hCtYmuYEJwZl+eJ43TsnNePrutlKpXWRx5tIcO0BFy0AWqohtUQ3VE0SN6Rq/ozXqyXqx362PamrOymV30B9bnD06lmPI=</latexit>

kpeak ' 4⇡/`⇤
<latexit sha1_base64="uc3Qv+8NP5wX4TL9oPlk+C/vHjE="></latexit>

⌦gw, peak / ⌦2
s (H⇤`⇤)

2

<latexit sha1_base64="LnMAdAJP9/riDZYVJjpZvP7Lxs8=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhUSpyoBBBwruHAsEn1IbVo5rtNasZ3IdkBVaP+ECwcQ4sqXcONvcNocoGWklUYzu9rd8WNGlXacb6uwsrq2vlHcLG1t7+zu2eX9pooSiUkDRyySbR8pwqggDU01I+1YEsR9Rlp+eJP5rQciFY3EvR7HxONoKGhAMdJG6tvlsHc2TbuSQx1NpmHPLfXtilN1ZoDLxM1JBeSo9+2v7iDCCSdCY4aU6rhOrL0USU0xI5NSN1EkRjhEQ9IxVCBOlJfOTp/AY6MMYBBJU0LDmfp7IkVcqTH3TSdHeqQWvUz8z+skOrjyUiriRBOB54uChJk3YZYDHFBJsGZjQxCW1NwK8QhJhLVJKwvBXXx5mTRPq+5F9ezuvFK7zuMogkNwBE6ACy5BDdyCOmgADB7BM3gFb9aT9WK9Wx/z1oKVzxyAP7A+fwCTVJOP</latexit>

k3 to k1

• Can be smoother (logarithmic) if 

<latexit sha1_base64="wr7q6jUIA2L7HBB25Z/7mJruQ3g=">AAACD3icbVBNS8NAEN34bf2KevSyWBRPNVFRj0UvHhWsCk0Im+1El+5u4u5EKKH+Ai/+FS8eFPHq1Zv/xrT2oK0PBh7vzTAzL86ksOh5X87Y+MTk1PTMbGVufmFxyV1eubBpbjg0eCpTcxUzC1JoaKBACVeZAaZiCZdx+7jnX96BsSLV59jJIFTsWotEcIalFLmbRWAUZdi9bwdWKLil/nbQAomMYtT3EqG7lcitejWvDzpK/AGpkgFOI/czaKU8V6CRS2Zt0/cyDAtmUHAJ3UqQW8gYb7NraJZUMwU2LPr/dOlGqbRokpqyNNK++nuiYMrajorLTsXwxg57PfE/r5ljchgWQmc5guY/i5JcUkxpLxzaEgY4yk5JGDeivJXyG2YYxzLCXgj+8Muj5GKn5u/Xds/2qvWjQRwzZI2sky3ikwNSJyfklDQIJw/kibyQV+fReXbenPef1jFnMLNK/sD5+AZK5Zwu</latexit>

at k ' 1/�tfin

<latexit sha1_base64="8lJhzJ0uCxhYLy+wPLMglRpinIU=">AAACDHicbVDLSsNAFJ34rPVVdelmsAjioiYq6kqKbrqsYB/QhDCZTtqhk0mYuRFK6Ae48VfcuFDErR/gzr9x0nahrQcGDuecy9x7gkRwDbb9bS0sLi2vrBbWiusbm1vbpZ3dpo5TRVmDxiJW7YBoJrhkDeAgWDtRjESBYK1gcJv7rQemNI/lPQwT5kWkJ3nIKQEj+aWy22UCCAY/c1WEQy5H186JGxHoUyKy2sg/LpqUXbHHwPPEmZIymqLul77cbkzTiEmggmjdcewEvIwo4FSwUdFNNUsIHZAe6xgqScS0l42PGeFDo3RxGCvzJOCx+nsiI5HWwygwyXxLPevl4n9eJ4Xwysu4TFJgkk4+ClOBIcZ5M7jLFaMghoYQqrjZFdM+UYSC6S8vwZk9eZ40TyvOReXs7rxcvZnWUUD76AAdIQddoiqqoTpqIIoe0TN6RW/Wk/VivVsfk+iCNZ3ZQ39gff4AgIqaoQ==</latexit>

�tfin > 1/H⇤

With expansion of the 
universe -> we could 
simulate large scales



However, we have so far ignored the period of 

turbulence/magnetic field formation

• The duration of the growth phase can be related to the eddy turnover time, 
or to the PT characteristic time… it depends on the scenario


• The UETC is difficult to model

Model of the source: the main open problem

<latexit sha1_base64="AZL+B23XAtyg3ZqkoSQ7uJ1RMAY=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBEqSEmkqMuiG5cV7APaECbTaTt0MgkzN0IM9VfcuFDErR/izr9x2mahrQfu5XDOvcydE8SCa3Ccb2tldW19Y7OwVdze2d3btw8OWzpKFGVNGolIdQKimeCSNYGDYJ1YMRIGgrWD8c3Ubz8wpXkk7yGNmReSoeQDTgkYybdLDV9Xxme4ByQx/ZEBOfXtslN1ZsDLxM1JGeVo+PZXrx/RJGQSqCBad10nBi8jCjgVbFLsJZrFhI7JkHUNlSRk2stmx0/wiVH6eBApUxLwTP29kZFQ6zQMzGRIYKQXvan4n9dNYHDlZVzGCTBJ5w8NEoEhwtMkcJ8rRkGkhhCquLkV0xFRhILJq2hCcBe/vExa51X3olq7q5Xr13kcBXSEjlEFuegS1dEtaqAmoihFz+gVvVlP1ov1bn3MR1esfKeE/sD6/AHW0JOe</latexit>

Ps(k, ⌧, ⇣)



The period of turbulence formation strongly influences 

the SGWB spectral shape, especially around the peak

In the simple case of a power law growth, the continuity of the growth 
phase in time is what influences the most the spectral shape
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<latexit sha1_base64="U2Vc0eEu4utEJ4e63Yw/E9LPqUs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMtiNy4r2Ae0Y8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfjeua3J1RpJsWDmcbUj/BQsJARbKzk9yJsRgTztD57dPvlilt150CrxMtJBXI0+uWv3kCSJKLCEI617npubPwUK8MIp7NSL9E0xmSMh7RrqcAR1X46Dz1DZ1YZoFAq+4RBc/X3RoojradRYCezkHrZy8T/vG5iwhs/ZSJODBVkcShMODISZQ2gAVOUGD61BBPFbFZERlhhYmxPJVuCt/zlVdK6qHpX1cv7y0rtNq+jCCdwCufgwTXU4A4a0AQCT/AMr/DmTJwX5935WIwWnHznGP7A+fwBoL+SBA==</latexit>

C0
<latexit sha1_base64="yG9bUsz8UzYcqOkcowgJKQ5wbOI=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMtiNy4r2Ae0Y8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfjeua3J1RpJsWDmcbUj/BQsJARbKzk9yJsRgTztD579Prlilt150CrxMtJBXI0+uWv3kCSJKLCEI617npubPwUK8MIp7NSL9E0xmSMh7RrqcAR1X46Dz1DZ1YZoFAq+4RBc/X3RoojradRYCezkHrZy8T/vG5iwhs/ZSJODBVkcShMODISZQ2gAVOUGD61BBPFbFZERlhhYmxPJVuCt/zlVdK6qHpX1cv7y0rtNq+jCCdwCufgwTXU4A4a0AQCT/AMr/DmTJwX5935WIwWnHznGP7A+fwBokOSBQ==</latexit>

C1Instantaneous generation
<latexit sha1_base64="lib48PcZpXPbPDHiXIGLs5m7MLk=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWJoYqSUhUWpAoWxiLRi9SEynGd1qrjRLZTqYrKA7DwKiwMIMTKzsbb4LYZoOVItj79/zmyz+/HjEpl29/G0vLK6tp6biO/ubW9s2vu7TdklAhM6jhikWj5SBJGOakrqhhpxYKg0Gek6Q+uJ35zSISkEb9To5h4IepxGlCMlJY65rHLEO8xAof3JeiKGV9C23KK8MG2zor6qnTMgm3Z04KL4GRQAFnVOuaX241wEhKuMENSth07Vl6KhKKYkXHeTSSJER6gHmlr5Cgk0kun24zhiVa6MIiEPlzBqfp7IkWhlKPQ150hUn05703E/7x2ooILL6U8ThThePZQkDCoIjiJBnapIFixkQaEBdV/hbiPBMJKB5jXITjzKy9Co2Q5Fat8Wy5Ur7I4cuAQHIFT4IBzUAU3oAbqAINH8AxewZvxZLwY78bHrHXJyGYOwJ8yPn8AjfaYqw==</latexit>

hv2i = 0.1, 0.3, 0.6

Model of the source: the main open problem



To summarise:

• There are many potential SGWB sources, offering discovery space for energy scales 
otherwise untested: in particular, several phase transitions might have occurred in the 
early universe, leading to appreciable GW production if of first order


• Electroweak PT: GW signal can be accessed/constrained only for models beyond the 
standard model of particle physics —> tests of models, complementary to particle 
colliders: Interesting for LISA


• QCD PT: Interesting for PTA, the relic magnetic field has also other effects (CMB…)


• We attempted to accurately construct the SGWB from (M)HD turbulence


• Main result: analytical formula for the SGWB spectrum validated by simulations


• Still to be solved:

- How to deal with realistic initial conditions?

- How much turbulence is generated from sound waves?

- How precisely is the magnetic field sourced?


• SGWBs from MHD turbulence in the primordial universe might offer a complementary 
test of the presence of primordial magnetic fields (provided observational challenges 
are solved)


• Magnetic fields from inflation also source GWs - neglected here


