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outline	
•  why	primordial	(chiral)	

magne,c	fields?	
–  observa,ons	vs	theory	

•  early	universe	
magnetogenesis	
–  infla,on	
–  phase	transi,ons	
–  Chiral	magne,c	effect	

•  primordial	turbulence		
–  vor,ci,es	
–  magne,c	fields	

•  evolu,on	
–  decay		
–  amplifica,on	

•  signatures	
–  cosmic	microwave	
background	

–  gravita,onal	waves	
–  cosmic	magne,c	fields	
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Observa,onal	Overview	



cosmic	magne,sm	



why	primordial	magne,c	fields?	
•  cosmic	seed	magne,c	
fields		
– astrophysical	seeds	
– cosmological	seeds	

•  observa,ons	
– Fermi	data	–	blazars	
spectra	

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



observa,ons:	Fermi	data	

−+ +→+ eeγγ

Neronov and Vovk 2010 



primordial	or	astrophysical	origin?	



improved	data	

For	 the	 cutoff	 energy	 of	 10	 TeV	
assumed	for	the	intrinsic	spectrum	of	
1ES	 1218+	 308,	 the	 first	 pair	
produc,on	 interac,on	 occurs	 larger		
1 0	 M p c	 f r o m	 t h e	 s o u r c e .	
Consequently,	 this	 study	 probes	 the	
magne,c	 field	 strength	 in	 areas	
distant	 from	 the	 source,	 sampling	
cosmic	voids,	rather	than	maPer-rich	
regions.	

S.	Archambault	et	al.		[VERITAS	
Collabora=on],	
“Search	for	Magne0cally	
Broadened	Cascade	Emission	From	
Blazars	with	VERITAS,”	Astrophys.	
J.	835	,	288	(2017).	
	
M.	Ackermann,	et	al.		[Fermi-LAT	
Collabora=on],		
“The	Search	for	Spa0al	Extension	
in	High-la0tude	Sources	Detected	
by	the	Fermi		Large	Area	
Telescope,”		
Astrophys.	J.	Suppl.	237	,	32	
(2018).	



What	we	know	
–  The	amplitude	of	the	

magne,c	field	
–  The	spectral	shape	of	the	

magne,c	field	
–  The	correla,on	length	scale	

What	we	do	not	know	
–  When and how  

magnetic fields were 
generated 

–  What were initial 
conditions 

known	vs.	unknown	

Two Options:  
Cosmological and Astrophysical Scenarios 



MHD	cosmological	simula,ons		
			 			 			 			 	by	Donnert	et	al.	2008	

    Ejection                                                 Primordial 

Z=4 Z=4 

Z=0 Z=0 



Cosmological	Magnetogenesis	



primordial	magnetogenesis	

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

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



primordial	magnetogenesis	
"  Inflation 

•  the correlation length larger than 
horizon 

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

•  backreaction & symmetries 
violations  

"  Phase transitions 
#  bubble collisions – first 

order phase transitions 
QCDPT or EWPT 

#  causal fields  
#  limited correlation length 

"  chiral	magne,c	effect	
				



tes,ng	the	early	universe	

magne,c	field	origin	
red-infla,on	
yellow-	phase	transi,ons	



•  primordial	plasma	is	perfect	conductor	
•  interac,on	between	primordial	magne,c	fields	and	
fluid	(plasma)	

•  development	of	turbulence	

primordial	MHD	turbulence	

other	sources	of	primordial	turbulence?		

Penders,	Jones,	Porter,	2019	



primordial	velocity	field	
•  Cosmological	Phase	Transi,ons		

Bubbles collisions and 
nucleation 

Quashnock,	et	al.	1989	

Baym	et	al.	1995	



chiral	magne,c	effect	

Kharzeev,	Liao,	Voloshin,	Wang,	2015	

$ Asymmetry	between	right-	
and	lem-handed	fermions	–	
amplifica,on	(exponen,al	
growth)	of	helical	magne,c	
fields,	chital	magne,c	effect	
(CME),		Vilenkin	1980	

																					

$ Magnetogenesis	in	
the	early	universe	–	
seed	helical	
magne,c	fields,	
Boyarsky	et	al.	
2012	

$ Turbulent	chiral	
magne,c	inverse	
cascade	in	the	early	
universe	–	
Brandenburg	et	al.	
2017	



Primordial	MHD	Evolu,on	



describing	primordial	turbulence	



turbulence	development	

Kahniashvili et al. 2010 



our	universe	is	almost	perfect	conductor	
magne=cally	dominant	 kine=cally	dominant	

Kahniashvili	et	al.	2010	



high	resolu,on	3D	compressible		
MHD	simula,ons	-	decay	

Brandenburg	et	al.	2015	



inverse	transfer	

Brandenburg,	Kahniashvili,	Tevzadze	2015	



classes	of	turbulences	

Brandenburg	&	Kahniashvili	2017	



classes	of	MHD	turbulence	

Brandenburg	&	Kahniashvili	2017	



dynamo	effect	and	chiral	cascade	

Brandenburg,		et	al.	2017a	

Brandenburg,	et	al.	2017b	



infla,onary	magnetogensis	

Brandenburg	&	Kahniashvili	2017	



outcomes	fields	

Credit:	Emma	Clarke	



evolu,on	through	structure	forma,on	

Mtchedlidze	et	al,	2021	



evolu,on	through	structure	forma,on	

Mtchedlidze	et	al,	2021	



evolu,on	through	structure	forma,on	
	

Mtchedlidze	et	al,	2021	



Primordial	Turbulence	Signatures	



observa,onal	signatures	include	

Early	Universe	
•  BBN	&	Neff	
•  CMB	temperature	and	

polariza,on	anisotropies	
•  Gravita,onal	waves	

Late	Stages	

•  MaPer	power	spectrum		
•  Jeans	scale	
•  LSS	clustering	

Density	perturba=ons	-	scalar	mode		
#  Fast	and	slow	magnetosound	waves	
Vor=city	perturba=ons	-	vector	mode		
#  Alfven	waves	
Gravita=onal	waves	-	tensor	Mode	
•  No	analogy	in	Newtonian	descrip,on	



observa,onal	signatures	

Data:		
Crom	et	al.	2002	

Kahniashvili	et	al.	2013	

Planck	2015	Results		

POLARBEAR	2015		



gravita=onal	waves	primordial	turbulence?	

Nicolis	2004	

Aero-acous=c	approxima=on:		
$  sound	waves	genera,on	by	turbulence	
$  gravita,onal	waves	genera,on	

Lighthill,	1952;		Proudman	1952		

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



NANOGrav	12.5	years	observa=ons:		
NANOGrav	12.5-year	sensi,vity	range	of	1–100	nHz	

Arzoumanian	et	al	(2020)			

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)	
$  Infla,on	(Vagnozzi	2021)	
$  Cosmic	strings	(Blanco-Pillado	et	al.	2021)		
$  Seed	magne,c	fields	(Neronov	et.	al.	2021)	
$  Hydrodynamic	and	MHD	Turbulence	

(Brandenburg	et	al.	2021)	 Credit:	Emma	Clarke	

QCD	energy	scale	



numerical	simula,ons	
$  To	account	properly	non-

linear	processes	(MHD)	
$  Not	be	limited	by	the	short	

dura,on	of	the	phase	
transi,ons			

$  Two	stages	turbulence	decay	
•  Forced	turbulence	
•  Free	decay		

$  The	source	is	present	,ll	
recombina,on	(amer	the	
field	is	frozen	in)	

$  Results	–	strongly	ini,al	
condi,ons	dependent	

Brandenburg	et	al	(2021)		

Evolu,on	of	EM(t)	and	EGW(t)	for	nonhelical	(lem)	and	
helical	(right)	cases.	Orange,	black,	blue,	and	red	are	
for	kf	=	2,	6,	20,	and	60,	respec,vely.	



Results	

Brandenburg	et	al	(2021)	[arXiv:2102.12428]		



Next	steps	
Determine	the	mechanisms	insuring	the	presence	of	viable	
turbulent	sources	and	correspondingly	correct	ini,al	
condi,ons:	

%  Primordial	magnetogenesis	
%  Bubble	collisions/nuclea,on	–	more	realis,c	models	
%  Sound	waves	as	a	source	for	turbulence	
%  Axions	driven	turbulence	and	axion	like	par,cles	

driven	infla,onary	new	physics	
%  Cihiral	sources	and	gravita,onal	waves	polariza,on	
%  Low	temperature	re	and	pre-hea,ng	

Cross-correla,ng	data	between	different	
observa,ons:	

%  PTAs	
%  Astrometric	missions:	Gaia,	Theia	

Garcia-Bellido	et	al.	2021	
arXiv:	2104.04778	



conclusion	
•  The	high	conduc,vity	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	explana,on	of	the	
observed	magne,c	fields	in	galaxies,	clusters,	and	voids	(if	
confirmed)	

•  Primordial	turbulence	signatures	include:	
–  gravita,onal	waves	
–  cosmic	microwave	background	fluctua,ons	
–  effects	of	the	maPer	power	spectrum	(large	scale	structure)			



Thank	You!	

Ques,ons?	


