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gravita6onal	waves	astronomy 		
•  Advantage	
Connec6on	with	High	Energy	Physics	–	the	best	
laboratory	to	test	the	energy	scales	EVEN	near	the	Planck	
scale	

	

•  Disadvantage		
Direct	detec6on		
is	complicated	



relic	gravita6onal	waves	signal	

•  The	very	early	universe		
•  Phase	transi6ons	
– Bubble	collisions	
– Sound	waves	

•  	Turbulence	
– Hydro-	turbulence	
– MHD	turbulence	
	

	



some	rela6ons	

•  To	rescale	
gravita6onal	
waves	amplitude	
and	frequency:	

•  Hubble	frequency	
measured	today:	



gravita6onal	waves	polariza6on		

•  If	the	parity	in	the	early	
universe	is	violated	–	relic	
gravita6onal	waves	are	
polarized.		

•  The	standard	model	predicts	
unpolarized	gravita6onal	
waves	

Linearly polarized 
 

Circularly polarized 



LISA	sensi6vity	&	electroweak	scale	physics	

hYps://www.lisamission.org/mul6media/image/
lisa-sensi6vity	

Credit:	LISA	Consor6um	 •  LISA’s	peak	sensi2vity	
corresponds	to	~	1/10	of	
Hubble	horizon	at	1	TeV	
energy	scale	

•  Hubble	frequency		
	f0=10-4Hz	(T/1Tev)	

Large	Hadron	Collider	(LHC)	vs relic	gravita2onal	waves:		
Detec2ng	New	Physics?		 



relic	gravita6onal	waves	
	from	phase	transi6ons	

	
	

	 		

Pioneering	works:	
•  Winicour	1973	
•  Hogan	1982,	1986	
•  Turner	&	Wilczek	
1990			

•  Kosowsky	et	al.	1992		
•  Kosowsky	&	Turner	
1993	

•  Kamionkowski	et	al.	
1994	

	
	
	

C.	Hogan,	2006	

:	



physics	of	phase	transi6ons	

Bubbles collisions and nucleation 

Bubbles	of	 the	 low-temperature	
phase	 are	 nucleated	 at	 random	
places	 in	 the	 high-temperature	
phase.	 The	 energy	 difference	
between	the	two	phases	creates	
an	 effec6ve	 outward	 force	 on	
the	bubble,	causing	it	to	expand	
and	as	a	result	collide	with	other	
bubbles.		
	



bubbles	collisions	&	sound	waves	

see	Mark	Hindmarsh		and	David	Weir	talks	

LISA	Cosmology	working	group	logo	



primordial	turbulence	

Vacuum	bubbles	in	the	early	universe	
(unlicensed	ar6st's	image)	



hydro-turbulence	vs.	gravita6onal	waves		

	
•  Kosowsky,	Mack,	Kahniashvili,	

2002	
•  Dolgov,	Grasso,	Nicolis,	2002	
•  Nicolis,	2004	
•  Kahniashvili,	Gogoberidze,	

Ratra,	2005	

“Van	Gogh's	
Turbulent	
Mind	
Captured	
Turbulence”	
credit	Cosmos	
and	Culture,	
2015	

Nicolis	2004	



sound	waves	from	turbulence	

Aeroacous6c:		
Sound	waves	genera6on	
by	turbulence	

Lighthill,	1952	
Proudman	1952		



aero-acous6c	approxima6on	

Gogoberidze,	Kahniashvili,	Kosowsky	2007	

Parameters:	
τT	turbulence	las6ng	6me	
k0	s6rring	scale	
M	=	v0/c	-	Mach	number	
R3/4=kd/k0	-	Reynolds	number	



primordial	MHD	turbulence	

•  primordial	plasma	is	perfect	conductor	
•  interac6on	between	primordial	magne6c	
fields	and	fluid	(plasma)	

•  development	of	turbulence	



why	primordial	MHD?	
•  cosmic	magne6c	fields		
– astrophysical	mechanism	
– cosmological	seeds	

•  observa6ons	
– Fermi	data	–	blazars	
spectra	

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



lower	limits	

Neronov and Vovk 2010 

Time-delay effect: 10-18Gauss 



improved	lower	limits	

Image by Iugen Vovk 

S.	Archambault	et	al.		[VERITAS	
Collabora2on],	
“Search	for	MagneNcally	Broadened	
Cascade	Emission	From	Blazars	with	
VERITAS,”	Astrophys.	J.	835	,	288	
(2017).	
	
M.	Ackermann,	et	al.		[Fermi-LAT	
Collabora2on],		
“The	Search	for	SpaNal	Extension	in	
High-laNtude	Sources	Detected	by	the	
Fermi		Large	Area	Telescope,”		
Astrophys.	J.	Suppl.	237	,	32	(2018).	



primordial	or	astrophysical	origin?	



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

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

magnetogenesis	



magnetogenesis	
u Inflation 

–  the correlation length larger than 
horizon 

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

•  backreaction & symmetries 
violations  

u Phase transitions 
–  bubble collisions – first 

order phase transitions 
QCDPT or EWPT 

–  causal fields  
–  limited correlation length 

u chiral	magne6c	effect	

				



turbulence	modeling	
•  Coupling of the magnetic 

field with primordial 
plasma 

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

Kahniashvili,	Brandenburg,		Ratra,	Tevzadze	2010	



MHD	turbulence	

•  Cosmic	magne6c	field	
origin	–	genera6on	in	
the	early	universe	

•  Primordial	magne6c	
fields	–	effects	on	phase	
transi6on	physics	

•  Genera6on	of	
turbulence	

•  MHD	turbulence	decay	

Brandenburg,	Kahniashvili,	Tevzadze,	2015	

PENCIL	CODE	3D	compressible	MHD	



there	is	helicity…	

•  parity	(mirror)	symmetry	breaking	
•  maYer	–	an6maYer	asymmetry	
– baryongenesis	
–  leptongenesis	

•  chiral	magne6c	effect		



frac6onal	helicity	growth	

Tevzadze et al. 2012 



classes	of	turbulence		

Brandenburg & Kahniashvili 2017 



the	dynamo	effect		
in	decaying	helical	turbulence	

Brandenburg,		et	al.	2017	



chiral	MHD	turbulence		

Brandenburg	et	al.	2017	

see	Igor	Rogachevskii	talk	



Brandenburg,		et	al.	2017	



infla6on	generated	magne6c	fields	
Kahniashvili et al. 2012 

see	Sayan	Mandal	talk	



Kahniashvili et al. 2017 

infla6onary	magnetogenesis	

see	Sayan	Mandal	talk	



importance	of	MHD		
•  Cosmic	magne6c	fields	–	

relic	seed	magne6c	fields	
•  Effects	on	turbulence	

development	and	
genera6on	of	sound	
waves	(Kulsrud	1955)	and	
gravita6onal	waves	

•  	Enhancement	of	the	
signal		
–  Wider	ranger	of	
frequencies	

–  Larger	amplitude	
	

Kahniashvili	et	al.	2008	



phase	transi6ons		

•  Why	MHD	is	
important?	
–  wider	range	of	
parameters	
(higher	energy	
scales;	
supersymmetry)	

–  Primordial	
magne6c	field	
(infla6onary?)	
induced	
turbulence	

	
Kahniashvili	et	al.	2008	



numerical	simula6ons	
•  To	account	properly	non-

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

dura6on	of	the	phase	
transi6ons			

•  Two	stages	turbulence	
decay	
–  Forced	turbulence	
–  Free	decay		

•  The	source	is	present	6ll	
recombina6on	(arer	the	
field	is	frozen	in)	

•  Results	–	strongly	ini6al	
condi6ons	dependent	

Grishchuk	1974	

see	Alberto	Roper	Pol	talk	



gravita6onal	Waves		from	turbulence	

Acous6c	turbulence	 Vor6cal	turbulence	

see	Axel	Brandenburg	talk	



gravita6onal	waves:	results	

Roper	Pol	et	al.	2019	PRL	submiYed	







conclusions	
•  Primordial	turbulence	is	poten6ally	detectable	by	LISA	
•  Primordial	magne6c	fields	can	serve	as	seeds	for	the	
observed	cosmic	magne6c	fields.	

•  Presence	of	primordial	magne6c	field	makes	the	signal	
substan6ally	stronger	and	allows	it	to	spread	over	a	
wide	range	of	frequencies.	

•  LISA	mission	offers	a	possibility	to	understand	the	
physics	of	phase	transi6ons	(and	possibly	
baryogenesis)	

•  Parity	viola6ng	sources	produce	circularly	polarized	
gravita6onal	waves,	and	the	polariza6on	degree	might	
be	around	100%	(for	fully	helical	sources).		





acknowledgement		


