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outline

● looking backward – primordial magnetic fields
● modeling and constraints
● evolution from the early to the late universe
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brief history of the universe

https://astronomy.com/magazine/news/2021/01/the-beginning-to-the-end-of-the-universe-inflating-the-universe



E. Fermi  
“On the origin of the cosmic radiation”, 
PRD, 75, 1169 (1949)

cosmic magnetic fields 

https://phys.org/news/2011-05-cosmic-magnetic-fields.html

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



◆ inflation 
◆ phase transitions 
◆ supersymmetry 
◆ string cosmology 
◆ topological defects

primordial magnetogenesis



blazars spectra observations: 

E. Vovk, et al. 
“Constraint on intergalactic magnetic field from Fermi/LAT observations of the ”pair echo” of GRB 
221009A” Astron.Astrophys. 683 A25 (2024) 
Aharonian, F., et al. (Fermi-LAT, H. E. S. S), 
“Constraints on the intergalactic magnetic field using Fermi-LAT and H.E.S.S. blazar observations”. 
Astrophys. J. Lett. 950, L16 (2023)
V. A. Acciari et al. [MAGIC Collaboration] “A Lower Bound on Intergalactic Magnetic Fields from 
Time Variability of 1ES 0229+200 from MAGIC and Fermi/LAT Observations” Astron.Astrophys. 670 
A145 (2023)
S. Archambault et al.  [VERITAS Collaboration],
“Search for Magnetically Broadened Cascade Emission From Blazars with VERITAS,” Astrophys. J. 
835, 288 (2017)
M. Ackermann, et al.  [Fermi-LAT Collaboration], 
“The Search for Spatial Extension in High-latitude Sources Detected by the Fermi  Large Area 
Telescope,”  Astrophys. J. Suppl. 237 , 32 (2018)

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

Fig. 2. from Vovk et al. 2024: Lower bound on IGMF derived from the 
GRB 221009A (red line), compared to existing bounds form γ-ray, 
radio, CMB and UHECR observations and predictions of the 
cosmological evolution models. The CMB upper bounds are from 
Planck (Planck Collaboration et al. 2016) and from the analysis of 
Jedamzik & Saveliev (2019). UHECR upper bound is from Neronov 
et al. (2021). MAGIC lower bound is from Acciari et al. (2023). 
Green-shaded area shows the range of predictions for the endpoints 
of cosmological evolution of primordial magnetic fields. BJ04 is from 
Banerjee & Jedamzik (2004), HS22 is from Hosking & Schekochihin 
(2022).



Primordial or Astrophysical Origin?



magnetic field origin
red-inflation
yellow- phase transitions

https://www.quantamagazine.org/the-hidden-magnetic-
universe-begins-to-come-into-view-20200702/

https://visav.phys.uvic.ca/~babul/AstroCourses/P303/
BB-slide.htm

testing the early universe



● The amplitude of the magnetic 
field (galaxies, clusters, voids?)

● The spectral shape of the 
magnetic field

● The correlation length scale

● When and how magnetic 
fields were generated

● What new physics is 
required?

● What were initial conditions

known vs. unknown
➢ What we know ➢ What we did not know

➢ Acausal 
✓ unlimited correlation length  
✓ difficulties: backreaction & symmetries 

violations  

✓ limited correlation length
✓ difficulties: weak fields

➢   Causal 



Z=4

Z=0

   Z=4

    Z=0

    Ejection                                                Primordial

by Donnert et al. 2008

MHD cosmological simulations



primordial turbulence
• primordial plasma is perfect conductor 
• interaction between primordial magnetic fields and 

fluid (plasma) 
• development of turbulence

other sources of primordial turbulence? 

Penders, Jones, Porter, 2019



• Cosmological Phase Transitions 
Bubbles collisions and nucleation

Quashnock, et al. 1989

Baym et al. 1995

Primordial Velocity Fields



inverse Cauchy problem at work

past: input
(initial conditions)

 today: output

evolution



Cauchy problem at work - BBN
● Big Bang Nucleosynthesis
● limits on effective number of relativistic species Neff

                  
+ CMB data  

https://w.astro.berkeley.edu/~mwhite/darkmatter/
bbn.html

Neff = 2.862 ± 0.306 at 95% C.L.  Fields et al. 2019

N eff
(v) = 3.046  Salas & Pastor 2016

George Gamow

Vagnozzi  2019



BBN & primordial magnetic fields

● Extra radiation like energy density less than ~3% of 
the radiation energy density at BBN

● The upper bound on the magnetic (effective) comoving  
amplitude order of microGauss at BBN

● Limits apply to the total magnetic energy density



modeling magnetic fields & turbulence
● Homogeneous (statistically) magnetic fields: most of them are 

related to inflation and the violation of fundamental symmetries 
such as Lorentz violation (Campanelli et al., 2009) and/or 
rotational isotropy (Thorne, 1967; Moffatt, 1978; Jacobs, 1969):

●
 =   𝐵com 𝐵phys ( 𝑎∗

𝑎0 )
2

→   𝐵com ∼ 10−18G

Thorne, 1967



modeling magnetic fields & turbulence
● Statistically isotropic, Gaussian, stochastic magnetic field, 

 (Monin & Yaglom, v. 2, 1975)

● Divergence free field + finite at infinity ) decreases faster 

than Von Karman’1937. 

⟨𝐵(𝒙)⟩ = 0:

lim
r→∞

ℬ
𝑖𝑖
(𝑟

𝑟−3 .  

=2 lim
r→0

ℬ
𝑖𝑖
(𝑟) ℰ𝑀



4𝜋𝑘2ℱ𝑁𝑁 = 𝐸𝑀(𝑘)
 
→ lim

𝑘→0
𝐸𝑀(𝑘) = 𝑘4

True for same time correlations





time dependent processes

conservation laws – invariants – symmetries

➢Noether's theorem: every continuous symmetry of the 
action of a physical of a physical system with 
conservatives forces has a corresponding conservation 
law.  

➢ it does not apply to systems that cannot be modeled 
with a Lagrangian alone. In particular, dissipative 
systems with continuous symmetries need not have a 
corresponding conservation law.



dissipation – Kolmogorov spectrum

Kosowsky, Mack, TK, 2002



Loitsiansky invariant



Corsin Invariants



sound waves from turbulence
Aeroacoustic:  
Sound waves 
generation by 
turbulence

Lighthill, 1952 
Proudman 1952 











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



aeroacoustic approximation
Gogoberidze, TK, Kosowsky, 
2007







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

Magnetic and GW energy spectra averaged over 
late times (t > 1.1), after the GW spectrum has 
started to fluctuate around a steady state.Roper Pol et al. 2019



Why Numerical Modeling Is Necessary
✓ It is assumed the stationary turbulence 

while in reality  turbulence decays

Kahniashvili et al. 2020 

✓ Three stages of generation



describing primordial turbulence



turbulence development

Kahniashvili et al. 2010



our universe is almost perfect 
conductor

magnetically dominant kinetically dominant

Kahniashvili et al. 2010



high resolution 3D compressible  
MHD simulations - decay

Brandenburg et al. 2015



Brandenburg, Kahniashvili, Tevzadze 2015

inverse transfer?



classes of turbulences

Brandenburg & Kahniashvili 2017



classes of MHD turbulence

Brandenburg & Kahniashvili 2017



inflationary magnetogensis

Brandenburg & Kahniashvili 2017
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evolution through structure formation

Mtchedlidze et al, 2021



Mtchedlidze et al, 2021

late time evolution





conclusions
• The high conductivity of primordial plasma insures possibility 

of hydro and magneto-hydrodynamics  turbulence 
development in the early universe

• Turbulence experiences decay through the expansion of the 
universe

• Primordial MHD turbulence is a plausible explanation of the 
observed magnetic fields in galaxies, clusters, and voids (if 
confirmed)

• Primordial turbulence signatures include:
– gravitational waves
– cosmic microwave background fluctuations
– effects of the matter power spectrum (large scale structure)  



Thank You
Questions? 


