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Outline	
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!  You	all	know	what	gravitaFonal		
waves	are...	

!  A		milliHertz		detector...why	?	

!  A	space-borne	detector...how		?	
!  Challenges	and	soluFons	
!  LISA	Pathfinder:	a	laboratory		
in	space.	

!  	LPF		first	results	
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What		a	year	for	g.w.	physics	!	
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◆  Sept	18th: 	 	Advanced	Ligo	begins	O1	run	(discovery	on	the	14th.....)	
	
◆  水曜日,	10月	7th,		T.	Kajita,	PI	of	Kagra,	wins	the	Nobel	prize		

◆  	Nov	29th:				 	 	One	century	of	General	RelaFvity	

◆  Dec	3rd:			 	 	Launch	of	LISA	Pathfinder	

◆  	Feb	14th:	 	 	First	direct	observaFon	of	g.w.	

◆  June	7th	:													LPF		results	

◆  	.......?	
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Is	there	life	a,er	
GW150914	?	

SNR	=24	

GW15	0914	

...and
	GW15122

6	?	
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credit:	L.Gual?eri	



LNF16/06/2016	

Each	frequency	has	its	tool:	
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The	g.w.	spectrum	
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	eLISA		is	sensiFve	at	low	frequencies		(0.1	mHz	–	1Hz)	where	
ground	based	detectors	cannot	operate,	due	to	Earth	grav.	noise		
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•  Low	frequency	is	
where	the	most	
intense	sources	emit,	
and	where	the	SNR	is	
very	high.	

•  	eLISA	will	be	a	signal-
dominated	detector	!	

Low	freq.	gw	antenna	in	space:	Why	?	
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T	

Massive Black Hole Binary 
(BHB) inspiral and merger 

Ultra-compact binaries 

Extreme Mass Ratio 
Inspiral (EMRI) 

The	rich	g.w.	sky	in	the	mHz	region	



LNF16/06/2016	

Binary	Star	in	our		Galaxy	(WD,	NS)	
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Very	bright	signal	(Signal	>100	Fmes	larger	than	noise)	
Of	some	of	them	we	know	everything	(masses,	distance,	
period...):	they’re	out	and	waiFng	for	being	observed	
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Signals	from	binary	inspiral	
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We	call	them	“verificaFon	binaries”	
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hkps://www.youtube.com/watch?v=duoHtJpo4GY	

In	the	center	of	our	
(and	probably	any)	

galaxy	

Supermassive	Black	Holes	
In	the	center	of	our	(and	probably	any)	galaxy	
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Extreme	Mass-RaFo	Inspirals:	EMRIs	
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»  Stellar-mass	BH	capture	by	a	
massive	BH:	dozens	per	year	to	
z~0.7.	

»  105	orbits	very	close	to	horizon.			
GRACE/GOCE	for	massive	BHs.	

–  Prove	horizon	exists.	
–  Test	the	no-hair	theorem	to	1%.	

–  Masses	of	holes	to	0.1%	

–  Spin	of	central	BH	to	0.001.		

»  Probes	environment	of	central	black	
hole	

–  mass	and	spin	spectrum	of	
stellar	mass	black	holes	

–  density	and	mechanism	of	
formaFon	
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Binaries	from	galaxy	collisions	
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Super-massive	black-hole	mergers	
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Simulated	signal	for	
LISA	(105M�,	z	>	5),	
no	signal	processing	

www.youtube.com/watch?v=PrIk6dKcdoU	
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(e)LISA	Basic:	

16	14	

Low	freq.	gw	antenna	in	space:	HOW?	

LISA	Basics:	
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LISA	Basic	2	-the	smart	orbits	
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3	inclined	orbits	trailing	the	Earth;	almost	rigid	triangle	configuraDon.	
CM	at	constant	distance	from	Earth.	

Constant	view	of	Sun	(no	thermal	effects)	
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Angular	ResoluFon	with	LISA	
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• Measurements	on				
detected	sources:		
	-	ΔΘ	~	1’	–	1o		
	-	Δ(mass,distance)	≤	1%	
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LISA	Basic	3	-		Interferometry	
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SEND	
1	W	

RECEIVE	
~200	pW	(<	100	pW	final)	

Telescope	
D	~	30	cm	

Arriving	Beam	
~20	km	

Goal:	keep	all	opFcal	path	errors	within	40	pm/Hz1/2	

Shot	Noise:	

Laser	divergence:	 YAG	1.06	µm	

Laser	transponding:			outgoing	light	phase	locked	to	incoming	beam		

L1	 L2	3		~	million	km	arms:		33	sec	2-way	light	Fme	
	(1st	interferometry	null	at	30	mHz)	
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Test	
mass	

Test	
mass	

LISA	Basic	3:	the	laser	transponding	scheme	

Power	loss	due	to	beam	divergence	makes	interferometry	by	
reflecFon	impossible		

5×106	km		
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A	laser	trasponder	

21	2	
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LISA	basic	4		Time	Delay	Interferometry	
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LISA	unequal	arms	confuse	phases	

Need	to(offline)	recombine	light	emiked	at	equal	Fmes	

L		

L±
10

5 k
m
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LISA	Basic	5:			Drag-free	
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•  The	local	Ifo	measures	the	S/C	posiFon	w.r.t.	the	Test	Mass.	
•  Along	the	Doppler	link		direcFon,	the	S/C	is	re-centered	on	the	TM	
using	microthrusters.	

27	

Avoid	any	contact	between	S/C	and	Test	Mass	



LISA	BASIC	5:	DRAG-FREE	CONTROL	LOOP	
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Thrusters 

Test-mass Capacitive motion 
sensor 
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1-5	×106	km	

Spacecraz	
(no	mechanical	contact)	

Free	falling	parFcles	
(	3	10-15	ms-2	Hz-1/2	@	0.1	mHz)	

Interferometer	
(	40	pm	Hz-1/2	@	3	mHz)	

GW	at		
0.03	mHz	–	0.1	Hz	

LISA	Basics	summary	
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Redundancy	
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Noise	sources	for	LISA:	
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- Shot noise (20 pW);  SNR does not depend on L 
- Antenna TF  cuts off  at high f 
- Displacement noise from residual forces: 
 gravity gradients
  charging (cosmic rays)

residual gas
thermal fluctuations
 .....

-   Confusion foreground of galactic binaries gw ! 

gw																							displ.	noise																										freq.	noise											

Interferometry	measures	changes	in	light	phase:	
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LISA	SensiFvity	Curve	
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	SensiFvity	curve	for	1	year	integraFon	and		S/N=5	

Photon	shot	noise	
Test	mass	

acceleraFon	noise	
Decreased	

interferometer	
response	
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A	bit	of	history	
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•  Concept	first	proposed	in	1985	(Bender	et	al)	
•  3	s/c	configuraFon	stable	since	1998	Fll	2011....then:	
•  2011	-	NASA	pulls	out	of		LISA	.			
"   ESA	studies	a	“rescoping”		to	try	and	accomplish	a	

similar	mission	with	half	the	budget.	
"   =>		9	months	of	franFc	redesigning	and	the	new	

project	(NGO-	eLISA)		is	presented	to	ESA		

•  2012:	ESA	selects	“large”	missions:	–	first	(L1,	launch	
2020)	is	Juice;	second	(L2,	2028)	is		Athena	

•  	Nov	2013:		“The	gravitaFonal	Universe”	is	the	theme	
of	 	mission	L3	–	launch	2034....	we	have	a	date	!	

•  	Cap	cost	for	ESA:		850	M€		(+200	from	member	states)	
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ESA	3rd		large	class	mission	

31 
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18/12/2015	
S.	Vitale	
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How	is	eLISA	different	(and	cheaper)	
	wrt	LISA	
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•  Chop	arm	length	from		5	to		1	Gm.	
–  Allows	to	simplify	the		payload:	

•  reduce	telescope	diam.	from	40	cm	to	20	cm	
•  Reduce	laser	power	from	2	W	to	1.4	W	
•  S/C	formaFon	is	more	stable	and	does	not	need	

realigning	mechanisms.	

• 		2	interferometer	arms	rather	than	3	
–  Save	2	instruments	out	of	6,	reducing	by	30%	complexity	and	mass.	
	
• 			OperaFons	reduced	from		5+5	to	4+2	years	
–  Allows	a	“slow	driz	away”	orbit	with	likle		Δv	
–  Reduces	the	volume	of	consumables	(e.g.	µthruster	propellent)	allowing	

		us	to	use	cold	gas	thrusters.	
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From	LISA	to	eLISA	/	NGO	

34	43	
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eLISA/NGO	
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»  2	arms	1	Gm	
»  10	pm/√Hz	single-link	
interferometry	@1	
mHz	

»  Forces	(per	unit	mass)	
on	test-masses	<	3	fm/
(s2√Hz)	@	0.1	mHz	

»  3	non-contacFng	
(“drag-free”)	satellites	

Parameter	space	for	L3	mission	design	
•  1	Gm	≤	arm-length≤	5	Gm		
•  2	≤	Number	of	arms	≤	3	

•  2	(6)yrs	≤	Mission	duraDon	≤	5	(10)	yrs	
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hkp://elisa-ngo.org/	

hkps://www.elisascience.org/	
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-		
	
-		Can	we	align	an	interferometer	in	space	?	
	
-	How	good	is	the	free	fall	we	can	achieve	?		
	
-		How	relevant	are	the	spurious	forces	acFng	
on	the	Test	Mass	?	
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1.  Dedicated	technology	mission:	LISA	
Pathfinder	

2.  		Extensive	test	on	ground	with	Torsion	
Pendulums	

Can we trust the free fall on LISA ? 



LNF16/06/2016	

The	concept	of	LISA	Pathfinder	
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Shrink	one	arm	of	LISA	and	host	it	aboard	one	S/C	
Eliminate	the	S/C	to	S/C	link	
keep	the	local	measurement	between	Test	Masses	and	S/C	
	

Test-
mass







Satellite
(optical bench)

Test-
mass







Satellite
(optical bench)

Test-
massSpacecraftTest-

mass







Satellite
(optical bench)
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LISA	Pathfinder	concept	(2)	

39	

	
» Requires	free-falling	
test-masses	inside	a	
single	spacecraz	

» LPF	2	TMs,	2	Ifos,	
Satellite	chases	one	test-
mass	

» Second	test-mass	forced	
to	follow	the	first	at	very	
low	frequency	by	
electrostaFcs	(different	
from	LISA)	

Test	of	95%	of	noise	does	not	need	milion	km	separaFon	
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"  Drag-free along sensitive direction 

"  Other test-mass degrees of freedom 
controlled via electrostatic forces  

"  3-4 mm clearance between test-mass 
and electrodes 
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The	GravitaFonal	Reference	Sensor	
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Microthrusters	
The	S/C	is	conFnuosly	recentered	on	the	Test	Mass		by		
microthrusters.	
	

Cold	gas	thrusters	(heritage	of	GAIA)	have	replaced		FEEPs	
They	can	deliver	thrust	w/	resoluFon	of		0.1	µN	
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The	opFcal	bench	
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•  Monolithic	assembly,	via	silica	bonding	(hydroxide-
catalyst)	of		mirrors	and	beam	splikers	

•  Carries	all	interferometry:		both	local	(in	LPF)		and	
between	S/Cs	(in	eLISA).		
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The	eLISA	link:	a	Fme	delayed	
differenFal	accelerometer	

43	

»  InerFal	reference		test-masses	are	used	to	correct	for	
satellite	acceleraFon	

»  Equivalent	to	directly	tracking	test-masses	
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The	LISA	link	

44	

» GW	curvature	modulates	the	frequency	of	the	
received	beam	

  

dνrec.

dtr

−
dνem.

dte

= − c2

2π
kσuνR νσ0

ρ kρ dλ
beam∫ = νo

!hreceiver t( )− !hemitter t − L c( ){ }



LNF16/06/2016	

The	eLISA	link:	a	Fme	delayed	
differenFal	accelerometer	

45	

" AcceleraFons	of	satellites,	rela?ve	to	their	
local	iner?al	frame,	modulate	frequency	as	
curvature	does.		

  

c νo( ) !νreceiver − !νemitter( ) = c !hreceiver t( )− !hemitter t − L c( ){ }+
+areceiver t( )− aemitter t − L c( )
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The	detector	arm	(eLISA)	
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»  Two	counter-propagaFng,	
phase-locked	links	

»  LISA:	3	arms	5	Mo	km	
»  10	pm/√Hz	single-link	
interferometry	@1	mHz	

»  Forces	(per	unit	mass)	on	
test-masses	<	3	fm/(s2√Hz)	
@	0.1	mHz	

»  3	non-contacFng	(“drag-
free”)	satellites	
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G.W.	measurement	as	diff.	
accelerometry	

47	
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The	LPF	Experiment	
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»  An	experimental,	self-consistent		verificaFon	of	the	physical	
model	for	geodesic	moFon.		

»  A	repeat	of	ground	campaign	at	higher	accuracy,	with	real	
bulk	and	free	floaFng	TM’s	on	orbit	

»  Composed	by	a	sequence	of	invesFgaFons	dedicated	to:	
–  QuanFtaFvely	assess	the	dominaFng	components	of	the	
residual	acceleraFon	noise		

–  Assess	their	parametric	dependence	on	measurement	
condiFons		and	compare	with	predicFons	

–  Measure	criFcal	physical	parameters	and	compare	with	
models	

–  Return	an	upper	limit	on	non-modeled	parasiFc	forces	
for	eLISA	or	LISA	
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The	great	conspiracy	against	free-fall	

49	

»  Many	subtle	physical	effects	apply	
unwanted	forces	to	test-bodies	
–  Impact	with	the	few	molecules	

that	sFll	surround	the	bodies	in	
high	vacuum	

–  Spontaneous	electric	fields	
generated	by	surrounding	
bodies	

–  FluctuaFng	electrical	charge	
from	cosmic	rays	

–  Changing	gravitaFon	generated	
by	thermal	deformaFon	of	
satellite	

–  Impact	with	wandering	photons	
–  FluctuaFons	of	the	

interplanetary	magneFc	field	
………..	
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A	great	first	year-phyisics	lab		

50	

Some	of	the	spurious	residual	forces	that	can	spoil	free	fall:	
	
•  Non	inerFal	frames	and		ficFFous	force	
•  	ElectrostaFcs	–	forces	in	capacitors	
•  	Cosmic	ray	charging	
•  Thermal	conducFon	
•  	MagneFc	suscepFbility	
•  	GravitaFonal	gradients	
•  	RadiaFon	pressure	
•  	.	.	.	.	
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2	TM	and	2	Interferometers	

51	58	
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LPF	Interferometer		metrology	

52	
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The	LPF		differenFal	accelerometer	
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G.W.	measurement	as	diff.	
accelerometry	
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LISA	Pathfinder	as	a	diff.	accelerometer	
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LISA	Pathfinder	as	a	diff.	accelerometer	
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Expected	performances	of		LISA	
Pathfinder	are	close	to	eLISA	specs	

58	63	
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Design	element	for	eLISA	verifiable	by	LPF	

59 

•  Free	falling	TM,	very	low	level	of	unwanted	acceleraFons.	
–  drag-free	controls	
–  microthusters	
–  inerFal	sensors	with	heavy	masses,	large	gaps	and	caging	mechanism	
–  very	stable	electrostaFc	actuaFon	
–  Charge	control	of	the	TM	charge,		no	contact.	
–  High	thermomechanic	stability	of	the	S/C	
–  GravitaFonal		field	cancelaFon	

•  High	precision	interferometric	measurement	of	the	TM	–	S/C	moFon	
–  displacement	measurement	down	to	pm	and	rotaFon	down	to	100	nrad	
–  high	stability,	high	precision,	low	noise		opFcal	systems	

»  	Will	instead	need	ranging	of	S/Cs		milions	of	km	apart	
–  high	stability	telescopes	

–  Fhigh	accuacy	phase	meters	
–  frequency	stabilizaFon	of	lasers	
–  constellaFon	formaFon	and	keeping	
–  High	precision	S/C	aÑtude	control	

LISA	Pathfinder	as	a	test	bench	for	LISA	
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GRACE	Follow	On	

60	

GRACE:	2	S/C	in	Low	Earth	orbit,	connected	by	a	microwave
	link:	very	successfull	geodesy	mission	
	
	
In	2017,	the	new	mission	
	will		have	an	opFcal	link:		
A			test	of	S/C		to	S/C		
interferometry	
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2	Test	Masses	and	1	opFcal	bench	
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Two	Test	Masses	along	geodesics	



LNF16/06/2016	

LISA	Pathfinder		First	Results	
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	3/12	2015			Dèpart	de	Kourou	
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Long	journey		to	L1	

69	59	
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De-caging	and			TM	release	

70	67	
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15-16	Feb.		Test	Masses	free	!	

68	
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LISA	and	LISA	Pathfinder	noise	
acceleraFon	requirements	

1	hour	 1	minute	 1	second	
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First	day	of	operaFon.	March	1st,	2016	
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April	8-14,	2016.	The	results	shown	in		PRL.	Reduced	
due	to	elapsed	Fme	and		instrument	opFmizaFon	
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The	limiFng	disturbances	

	
	
	
	
	
	
	
	
	
	
	

Interferometer	noise		
No	real	test-mass	

moDon	
		
	
	
	
	
	

	
	
	
	
	
	
	

Thermal	noise:	gas	
molecules	hi^ng	the	

test-masses	
	
	

Scales	with	residual	gas	
pressure	



LNF16/06/2016	

May	16-18,	2016.	Pressure	gone	further	down	
(System	conFnuously	vented	to	outer	space)		
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Explaining	the	noise:	invesFgaFons	ongoing	

	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	

	
	
	
	
	
	
	
	
	

Disturbances	already	esDmated	with	
dedicated	experiments	
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Accelerated	frame:	

At	low	f:		contribuFon	from		
aÑtude	rotaFon	of	S/C	(20/day)	

At	high	f:		cross-talk	from	some		
angulare	DOFs		
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Noise	almost	enFrely	modeled:	original	LISA	
requirements	at	hand	
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With	current	demonstrated	sensiFvity	most	science	
obtained	anyway	
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Back	to...binaries	from	galaxy	collisions	

81	12	
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106M�
		--	Simulated	LISA	acceleraFon	signal	for	merging		of		two																black-holes	at	4	Gpc	
		--	LISA	Pathfinder	measured	acceleraFon	data		

106M�
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Simulated	LISA	acceleraFon	signal		for	two	galaxies	merging	with	their	
black-holes	at	12.5	billion	light-years,		
LISA	Pathfinder	acceleraFon	data		

		--	Simulated	LISA	acceleraFon	signal	for	merging		of		two																black-holes	at	4	Gpc	
		--	LISA	Pathfinder	measured	acceleraFon	data		

106M�
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Sub-femto-g	differenFal	accelerometry:	orders	of	magnitude	
improvement	in	the	field	of	exp.		gravitaFon	
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LISA	 test	
mass	

test	
mass	

A	green	light	for	LISA!	

We	made	the	acceleraFon	of	
test-masses	due	to	

disturbances	much	smaller	
than	that	expected	from	
gravitaFonal	wave	signals	
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	Thanks		to	a	great	team	!	
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