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						DRAGGING	OF	INERTIAL	FRAMES		
(FRAME-DRAGGING	as	Einstein	named	it	in	1913)	

n SpaceIme	curvature	is	generated	
by	mass-energy	currents:	ε	uα		

			Gαβ	=	χ	Tαβ	=	
		=	χ	[(ε	+p)	uα	uβ	+	p	gαβ]	
n It	plays	a	key	role	in	high	energy	
astrophysics	(Kerr	metric)	

 
 

  Thirring 1918 
  Braginsky, Caves and Thorne 1977 
  Thorne 1986   
  I.C. 1994-2001 





Magne3c	field	B,	gravitomagne3c	
field	H	and	the	precession	of	a		
magne3c	dipole	µ	and	of	a	gyroscope	S	







 GARGANTUA: a supermassive rotating
black hole: frame-dragging plays a key role







6:38,	8:55	31:24,	35:00																																						by	Kip	Thorne	and	Harald	Pfeiffer											
	

	 	 	 	 	 		GW	and	frame-dragging	

hMps://www.youtube.com/watch?v=aEPIwEJmZyE	



One	of	the	
greatest	“recent”	
discoveries:	
acceleraIng	
supernovae:	
dark	energy	or		
quintessence	+	
dark	maher	may	
consItute	about	
95	%	
of	the	universe	
	
	
	



Chern-Simons	Gravity	

*R	·	R	=	½	εαβσρ Rσρ
µν Rαβµν is the Pontryagin pseudoscalar, θ is a 

Scalar field, g the determinant of the metric, R the Ricci scalar, l is a 
new length parameter, Lmat the matter Lagrangian density.
	

The	dynamical	equa3on	for	the	scalar	field	θ is:		



The	Chern-Simons	field	equa3on	is	then	

Where	Cαβ	is	the	CoMon-York	tensor:	



In	the	weak	field	and	slow	mo3on	approxima3on	we	then	get:	

where:	

For	a	homogeneous	sphere	with	mass	density	ρ,	of	radius	R,	rota3ng		
with	angular	velocity	ω,	outside	the	sphere	we	have:	



Where	the	General	Rela3vity	contribu3on	is:	

And	the	Chern-Simons	contribu3on	is:	



	
	
	

	We	find	the	ra3o	of	the	nodal	drag	of	Chern-Simons	gravity	and	General	Rela3vity:	

Where	j2	and	yl	are	spherical	Bessel	func3ons	and	mcs	is	the	Chern-Simons	mass:	
	
																						
		

	Finally	by	integra3ng	the	Lorentz	force	equa3on	for	a	test	par3cle:	

may	be	related	to	quintessence	

where	k2	=	8	π 



•  Chern-Simons	gravity	is	equivalent	to	a	type	of	String	Theory	
(Smith,	Erickcek,	Caldwell	and	Kamionkowski	Phys.	Rev.	D	2008).	
In	Smith	et	al.	is	shown	that	the	4-D	string	ac3on	for	a	type	of	
string	theory	may	reduce	to	the	Chern-Simons	gravity	ac3on.		See	
also:	Yagi	K.,	Yunes	N.	and	Tanaka	T.,	Phys.	Rev.	D.,	86	(2012)	044037	and	references	
therein.		

•  Then,	on	the	basis	of	our	2004-2010	measurements	of	frame-
dragging,	using	the	LAGEOS	satellites,	in	2008,	Smith,	Erickcek,	
Caldwell	and	Kamionkowski	(Phys.	Rev.	D	77,	024015,	2008)	
have	placed	limits	on	some	possible	low-energy	consequences	
of	string	theory	that	may	be	related	to	dark	energy	and	
quintessence.	

•  See	also:	Radicella,	Lambiase,	Parisi,	and	Vilasi,	Constraints	on	
Covariant	Horava-Lifshitz	gravity	from	frame-dragging	experiment,	JCAP	(2014)	

•  	S.	Alexander	and	N.	Yunes	“Chern-Simon	Modified	General	Rela3vity”,	Physics	Reports,	Volume	
480,	2009,	p.	1-55.		

•  T.	Clikon,	P.Ferreira,	A.	Padilla	and	C.	Skordis,	“Modified	Gravity	and	Cosmology”.		
•  K.	Yagi,	N.	Yunes	and	T.	Tanaka,	Phys.	Rev.	D.,	86	(2012)	044037.		

•  			



mcs	≥	2	x	10-22	GeV		



A	brief	history	of	the	main	tests	of	frame-dragging	(see	also,	e.g.,	Clifford	Will	papers	on	
reviews	of	tests	of	General	Rela3vity)	
GRAVITY	PROBE	B:	since	1960	the	GRAVITY	PROBE	B	space	mission	was	under	development	in	
USA	with	the	goal	of	a	0.1%	test	of	frame-dragging.	Gravity	Probe	B	was	finally	launched	in	
2004	aker	almost	half	a	century.	Cost	of	GRAVITY	PROBE	B	almost	1	billion	of	dollars.	
	
LAGEOS	3:	In	1984-1989	a	new	laser-ranged	satellite	called	“LAGEOS	3”,	iden3cal	to	the	
LAGEOS	satellite	(launched	in	1976	by	NASA)	was	proposed	with	orbital	parameters	iden3cal	to	
those	of	LAGEOS	but	a	supplementary	inclina3on,	that	is	with	inclina3on	I	=	70.16	°	and	
semimajor	axis	=	12270	km.	A	number	of	ASI	and	NASA	studies	confirmed	its	feasibility	to	
measure	frame-dragging	(I.C.	1984/1986/1989,	B.Tapley,	I.C	et	al.	NASA/ASI	study	1989/1990,	
J.	Ries	1989	…).	LeMere	di	supporto	al	LAGEOS	3	sono	state	scriMe	alla	NASA	e	all’ASI	da	alcuni	
dei	più	no3	fisici:	JOHN	ARCHIBALD	WHEELER,	KIP	THORNE,	TULLIO	REGGE,	NICOLA	CABIBBO,	..	
	
LAGEOS	and	LAGEOS	2:	The	LAGEOS	satellite	was	launched	in	1976	by	NASA	and	LAGEOS	2	in	
1992	by	ASI	and	NASA	for	space	geode3c	measurements.	
	



LAGEOS	and	LAGEOS	2,	1997/1998:	it	was	obtained	the	first	rough	
observa3on	of	frame-dragging	using	the	data	of	LAGEOS	and	LAGEOS	2	
(CQG	1997,	Science	1998).	
GRACE,	2002:	it	was	launched	the	DLR	(GFZ)	and	NASA	(CSR)	space	
mission	to	accurately	measure	the	Earth’s	gravity	field.	
LAGEOS	and	LAGEOS	2:	2004-2010:	it	was	published	the		first	
measurement	(with	accuracy	of	approximately	10%)	of	frame-dragging	
(Nature	2004,	General	Rela;vity	book	2010,	etc.)	using	GEODYN.	
Independently	confirmed	by	the	Univ.	of	Texas	at	Aus3n	(2008/2009,	with	
UTOPIA)	and	GFZ-DLR	(2010,	with	EPOSOC).	
Gravity	Probe	result,	2011-2015:	it	was	published	a	measurement	of	
frame-dragging	with	approximately	20%	accuracy	(Phys.	Rev.	LeE.	2011	
and	CQG	2015).	
LARES	first	results,	2016:	it	was	published	a	measurement	of	frame-
dragging	with	approximately	5%	accuracy	(Eur.	Phys.	J.	C,	2016).	
LARES	forthcoming	results	will	reach	about	2%	accuracy	
LARES	2:	0.2%	accuracy	
	
	

	



GRAVITY	PROBE	B	

GRAVITY	PROBE	B,	
1960-2015	



LARES	
(LAser	RElaIvity	Satellite)	

	
				LARES	was	successfully	launched	and	very	

accurately	injected	in	the	nominal	orbit	on	the	
13th	of	February	2012	with	the	new	launching	
vehicle	of	ESA/ASI	built	by	AVIO/ASI/ELV.		









LARES	
(LAser	RElaIvity	Satellite)	

Italian	Space	Agency	

•  Combined	with	the	LAGEOS	and	LAGEOS	2	orbital	
data	and	using	the	GRACE	Earth	gravity	field	
determinaIons,	LARES	would	provide	a	
confirmaIon	of	Einstein	General	RelaIvity,	the	
measurement	of	frame-dragging,	with	accuracy	of	
about	1%.	



2002 

Use of GRACE to test Lense-Thirring at a few percent level: 
J. Ries et al. 2003 (1999),E. Pavlis 2002 (2000)  









		
					USING	THE	3	OBSERVABLES	

PROVIDED	BY	THE	3	
NODES	OF	LAGEOS,	
LAGEOS	2	AND	LARES	WE	
ELIMINATE	THE	2	
UNCERTAINTIES	DUE	TO	J2	
AND	J4	AND	MEASURE	
FRAME-DRAGGING	

	



Main	parameters	of	the	Monte	Carlo	simulaIons	
(100	simulaIons)	GFZ	
I.	C.	et	al.,	Class.	and	Quantum	Grav.,	2013	



100	curves	of	residuals	(in	green)	of	the		
100	Monte	Carlo	simulaIons	for	LARES,		
LAGEOS	and	LAGEOS	2.	In	red	is	the		
theoreIcal	predicIon	of	General	RelaIvity.	



Results	of	the	Monte	Carlo	simulaIon	for	the	LARES	experiment	

Mean	value	of	the	frame-dragging	effect		
	

=	100.25	%			of	the	frame-dragging	effect	
																													predicted	by	General	RelaIvity	

																								
	

Standard	deviaIon:	
	

=	1.55	%	
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Fit	of	the	cumulaIve	combined	nodal	residuals	of	LARES,	
LAGEOS,	and	LAGEOS	2	with	a	linear	regression	plus	six		
periodical	terms	corresponding	to	six	main	Idal	perturbaIons		
observed	in	the	orbital	residuals:	published	in	EPJC	2016	(Ciufolini	et	al.)	



RESULT:	
	

(0.994	+/-	0.002)	+/-	0.05	
	
	
1	is	the	Earth’s	dragging	of	inerIal	frames	normalized	to	its	general	relaIvity	
value,		
	
0.002	is	the	1-sigma	staIsIcal	error		
	
0.05	is	our	preliminary	esImate	of	systemaIc	error	mainly	due	to	the	
uncertainIes	in	the	Earth	gravity	model	GGM05S	



																												
					

	LARES	already	shows	an	outstanding	behaviour	for	tesIng	General	RelaIvity	and	
gravitaIonal	physics.	LARES-type	satellites	could	well	test	other	fundamental	
physics	effects	and	much	improve	the	exisIng	limits	on	C-S	mass.		

	
								Ayer	a	few	years	of	laser-ranging	data	of	the	LARES	satellite,	together	with	LAGEOS	

and	LAGEOS	2	and	with	the	future	improved	Earth’s	gravity	models,	we	would	be	
able	to	measure	the	frame-dragging	effect	with	accuracy	of	about	2%,	with	other	
implicaIonal	for	fundamental	physics	such	as	improving	the	limits	on	C-S	mass	and	
placing	further	limits	on	String	Theories	equivalent	to	Chern-Simon	gravity.		
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    LARES 2/LAGEOS 3 
 
 
The LARES 2 (LAGEOS 3) satellite for test of frame-
dragging with accuracy at the 0.2% level and other tests 
of General Relativity and Fundamental Physics (and space 
geodesy and geodynamics). 



The	idea	of	the	LARES	2/LAGEOS	3	experiment:	I.C.	Phys.	Rev.	LeM.	1986,	I.C.	
Ph.D.	disserta3on	1984,	I.C.	IJMPA	1989,	B.	Tapley,	I.C.	et	al,	NASA	and	ASI	studies	1989,	J.	
Ries	1989).	
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Monte	Carlo	simula3ons	of	the	LARES	2	experiemnt	



45	Result:	the	spread	is	at	the	level	of	about	0.15%		
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Expected funding in the 3-year period: 
-  Request of funding by Centro Fermi for LARES 

• 2017/19. Post-doctoral grant or similar:                    130 k€ 
• Travel (missioni e soggiorni all’estero):                      25 k€ 
• Visiting professors (travel and local expenses):     10 k€ 
• 4th International LARES Science Workshop:                   10k€ 
• Contracts (prestazioni occasionali di ricerca):     10k€ 
• Computers for data analysis and related equipments,  
  portable computers, compilers and software:          20k€ 
• Laboratory equipments and consumables:           10k€ 

 
-  Co-funding (2017-2019) 
Agenzia Spaziale Italiana: 

•   LARES:                                                                       650 k€ 
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