
Messengers from the Early Universe: 
Magnetic Fields, Turbulence, and 

Gravitational Waves 

Tina Kahniashvili 
Carnegie Mellon University (USA) 

Ilia State University (Georgia) 
 

Cosmic Magnetism in Voids and Filaments 
January 24, 2023 

 
 



outline 
�  looking backward – Cauchy’s problem 
�  big bang nucleosynthesis 
�  cosmic microwave background 

�  gravitational waves 
Based on:  
 

•  Brandenburg, Clarke, Kahniashvili, Long, Sun, work in progress 
•  Kahniashvili, Clarke, Stepp, Brandenburg. PRL 128, 221301 (2022) 
•  Roper Pol, Mandal, Brandenburg, Kahniashvili, JCAP 04, 019 (2022) 
•  Brandenburg, Gogoberidze, Kahniashvili, Mandal, Roper Pol, Shenoy, 

Class. Quant. Grav. 38, 145002 (2021) 
•  Brandenburg, Clarke, He, Kahniashvili, PRD 104,  043513 (2021) 
•  Brandenburg, He, Kahniashvili, Rheinhardt, Schober, ApJ  911, 110, 

(2021) 
•  Kahniashvili, Brandenburg, Gogoberidze, Mandal, Roper Pol, PRR 3, 

113193 (2021) 
•  Roper Pol, Mandal, Brandenburg, Kahniashvili, Kosowsky, PRD 102, 

083512 (2020) 



Brief  History of  the Universe 

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



Cauchy Problem at Work 

past: input 
(initial conditions) 

 today: output 

evolution 



Today: Cosmic Magnetism 



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 



Blazars Spectra Observations:  

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” arXiv: 2210.03321 
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 Extra- 
galactic Magnetic Fields from Fermi Observations 
of TeV Blazars”, Science 328, 5974  (2010) 



Two Scenarios 

�  Astrophysical Scenario(s)  
�  The seed is typically very weak and the magnetic field is 

transferred from local sources within galaxies to large 
scales  

 

 

�  Cosmological Scenario(s) 
�  The seed is generated prior to galaxy formation in the 

early universe on scales that are large now  

 Ejection                             Primordial 

Z=4 Z=4 

Z=0 Z=0 

Donnert et al. 2008 



Primordial or Astrophysical Origin? 



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

  

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

Primordial Magnetogenesis 



Ø  Inflation 
•  the correlation length larger than 

horizon 
•  scale invariant spectrum 
•  well agree with the lower bounds 
•  difficulties:  

•  backreaction & symmetries 
violations  

Ø  Phase transitions 
§  bubble collisions – first 

order phase transitions 
QCDPT or EWPT 

§  causal fields  
§  limited correlation length 

Ø  chiral magnetic 
effect 

    

Primordial Magnetogenesis 



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 



Primordial Turbulence 
•  primordial	plasma	is	perfect	conductor	
•  interac1on	between	primordial	magne1c	fields	and	
fluid	(plasma)	

•  development	of	turbulence	

other	sources	of	primordial	turbulence?		

Penders, Jones, Porter, 
2019 



•  Cosmological	Phase	Transi1ons		
Bubbles collisions and 
nucleation 

Quashnock, et al. 1989 

Baym et al. 1995 

Primordial Velocity Fields 



High Resolution 3D Compressible  
MHD Simulations - Decay 

Brandenburg et al. 2015 



Classes of  Turbulences 

Brandenburg & Kahniashvili 2017 



Classes	of	MHD	Turbulence 

Brandenburg & Kahniashvili 2017 



Inflationary Magnetogensis 

Brandenburg & Kahniashvili 2017 



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 

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

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

N eff
(v) = 3.046  Salas & Pastor 2016 

George Gamow 



Neff: BBN and CMB limits 

https://wmap.gsfc.nasa.gov/universe/bb_tests_ele.html 

Vagnozzi  2019 

Neff = 2.862 ± 0.306 at 95% C.L.    Fields et al. 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) amplitude  
order of  microGauss at BBN 

�  Accounting for the magnetic field decay: 
�  The magnetic energy density does not exceed the 

radiation energy density at the moment of generation 
�  BBN bounds are satisfied 



Kahniashvili et al. 2022 
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. 



Cauchy Problem at Work: CMB 

http://abyss.uoregon.edu/~js/
ast123/lectures/lec23.html 

https://www.forbes.com/sites/startswithabang/2021/01/15/ask-
ethan-how-does-the-cmb-reveal-the-hubble-constant/ 



Power spectra The temperature and polarisation power spectra of  the CMB, illustrating features that 
can answer key questions in cosmology and fundamental physics. The CMB polarisation is 
decomposed into a curl-free E-mode and divergence-free B-mode by analogy with electromagnetism, 
with r quantifying the scalar-to-tensor ratio (the size of  the B-modes relative to that of  the 
temperature power spectrum). Credit: J Borrill 

https://cerncourier.com/a/exploring-the-cmb-like-never-before/ 



Primordial Magnetic Fields & CMB 

Looking for the origin of 
cosmic magnetism 
                   by Daniela Paoletti 

Harrison PMFs on a 60 Mpc distance 
today, Hutschenreuter et al. 2018 •  density perturbations - 

scalar mode 
•  Fast and slow 

magnetosound waves 
•  vorticity perturbations - 

vector mode  
•  Alfven waves 

•  gravitational waves – 
tensor mode 

Gravitational 
perturbations 

Magnetic Fields or 
Turbulent source 

î í 

Planck 2015 results. XIX: 
Constraints on primordial magnetic fields 



�  Polariza1on	B-mode	
�  Addi1onal	source	from	the	

vector	(vor1cal)	and	tensor	
(gravita1onal	waves)	modes	

�  Parity-odd	cross	
correla1ons	

�  Faraday	rota1on		

POLARBEAR 2015 

CMB Imprints 



CMB Challenges: Foregrounds 

https://lambda.gsfc.nasa.gov/
product/foreground/ 

Maps of  the intensity of  polarized and unpolarized galactic 
emission at CMB millimeter wavelengths (left) and submillimeter 
wavelengths (right). 

https://sites.northwestern.edu/blast/diffuse-ism-cmb-foregrounds/ 

Bennett et al. 2013  

Planck 2015 Results X 

 Planck 2018 Results IV 

Lambda Data Products 



Cauchy Problem at Work: 
Gravitational Waves 



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.  



Removing Foregrounds 

Phys. Rev. Lett. 125, 241101 (2020) 



The space interferometer will be a 
unique device to observe the 
g rav i ta t iona l rad ia t ion f rom 
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 
Gravitational Waves 



Nicolis 2004 

Aero-acoustic approximation:  
ü  sound waves generation by 

turbulence 
ü  gravitational waves generation 

Lighthill, 1952;  Proudman 1952  

Kosowsky, Mack, Kahniashvili, 2002 
Dolgov, Grasso, Nicolis, 2002 

Gravitational Waves from Turbulence 



�  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 

Numerical Simulations 

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 
ü  It is assumed the stationary 

turbulence while in reality  
turbulence decays 

Kahniashvili et al. 2020  

ü  Three stages of  generation 



Polarization Spectra 

Polarization spectrum retains 
information on parity violation 
at large wavelengths  

�  Inverse cascading?  

Kahniashvili et al. 2020  

Assuming stationary Kolmogoroff like 
turbulence or stationary helical 
Kolmogoroff turbulence  

Kahniashvili et al, 2005 



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. 

Detection Prospects 



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 



Kahniashvili et al. 2021 



Brandenburg et al. 2021 



Garcia-Bellido et al. 2021 

Gravitational Waves Missions 



Take Home Comments 
�  Improve the Magnetic Fields Observations in Voids and 

Filaments 

�  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: 
v Primordial magnetogenesis 

v Bubble collisions/nucleation – more realistic models 

v Sound waves as a source for turbulence 

v Axions driven turbulence and axion like particles driven 
inflationary new physics 

v Cihiral sources and gravitational waves polarization 
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