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LIGO:	Laser	Interferometer	Gravita2onal	Wave	Observatory	

Image	credit:	NASA	



Advanced	LIGO	observa'ons	so	far	

h:ps://dcc.ligo.org/LIGO-P1600088/public	

possible	detec'on	–	10/12/15	

confirmed	detec'on	–	9/14/15	

confirmed	detec'on	–	12/26/15	

Black	hole	merger	evolu'on	

h:ps://dcc.ligo.org/LIGO-P150914/public	

Black	hole	observa'ons	made	



Simula2on	of	Merging	BHs	

4	

Observed	14	September	2016	

Simula'ng	Extreme	Space'mes	Project:	h:p://www.black-holes.org/	



My	background	

1	
2	

3	
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Penn	State	Eng.	Science	B.S.	2005	

State	College,	PA	



Semi-ac've	Damping	Using	a	Fiber	
Wound	Elas'c	Tube	

By	Bre:	Shapiro	
Advisor:	Dr.	Christopher	Rahn	

-	Professor	of	Mechanical	Engineering	

Senior Thes
is




Semi	Ac've	Damping	Experiment	

Liquid	filled	tunable	
passive	damper	

Load	

Loading		
arm	

Liquid	reservoir	

Valve	



MIT	Mechanical	Engineering	–	Masters	
2007,	PhD	2012	
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Installing	the	Test	Mass	Suspension	
Prototype	at	MIT	-	23	January	2009	

Main	(test)	
Chain	

Reac'on	
Chain	

LIGO	test		
mass	mirror	

Sensors/	
actuators	

Laser	
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PhD	Thesis:	
Adap've	Modal	Damping	for	
Advanced	LIGO	Suspensions	
	
My	PhD	work	involved:	
Mechanical	modeling,	
assembly,	vibra'on	isola'on,	
control	theory;	and	tes'ng	of	
the	Advanced	LIGO	prototype	
test	mass	vibra'on	isola'on	
system.	
	

Main	(test)	
Chain	

Reac'on	
Chain	

LIGO	test	
mass	mirror	

Sensors/	
actuators	

Laser	



Stanford	University	–	Postdoc	
since	2012	



Upgrading	the	test	mass	suspension	with		
cryogenics	to	reduce	thermally	driven	
	displacements.	

Liquid	Nitrogen	
Tank	

Cryogenic	test	mass	
experiment	

Stanford	–	September	2013	
Installing	the	Test	Mass	Suspension	
Prototype	at	MIT	-	23	January	2009	



Students	in	Lab	

Dan:	mechanical	engineering	undergraduate	 Sandi':	mechanical	engineering	masters	
Litawn:	physics	undergraduate	



Ques'ons?	



What	are	Gravita'onal	Waves?	
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What	are	Gravita'onal	Waves?	

17	

+	

Charged	par'cle	

EM	detector	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016	

Stanford	Dish	
h:p://www.everytrail.com	
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+	

Charged	par'cle	

Informa'on	travels	at	speed	of	light	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016	

What	are	Gravita'onal	Waves?	
EM	detector	

Stanford	Dish	
h:p://www.everytrail.com	
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+	

Charged	par'cle	

Informa'on	travels	at	speed	of	light	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016	

EM	detector	

Stanford	Dish	
h:p://www.everytrail.com	
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+	

m

Charged	par'cle	

Massive	par'cle	

Informa'on	travels	at	speed	of	light	

Informa'on	travels	at	speed	of	light	

GW	detector	

What	are	Gravita'onal	Waves?	
EM	detector	

Stanford	Dish	
h:p://www.everytrail.com	

LIGO	Livingston	
Courtesy	LIGO	lab	



Waves	stretch/compress	space	

Time	

π	π/2	 3π/2	 2π	0	

Wave	traveling	through	a	circle	of	free	falling	test	
par'cles	

21	Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



Waves	stretch/compress	space	
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ΔL
L
=
δLx −δLy

L
= h

h ~10−21Peak	amplitude	of	
detected	wave	

Strain	over		
distance	L	

δLy	

δLx	

L	

Reference	LIGO-G1600340	
Lawrence	Berkeley	Na'onal	Laboratory	–	

23	June	2016		



25	April	2016	 M.	Evans,	Stanford	 23	Reference	LIGO-G1600953	



Where	do	GWs	Come	From?	

24	Pulsars	

Supernovae	
Merging	Black	Holes	
and/or	Neutron	Stars	

Image	credits:	NASA	



Measuring	Gravita'onal	Waves	

25	Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



Measuring	Gravita'onal	Waves	

26	Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



Measuring	Gravita'onal	Waves	

Laser	

Photo-
detector	

27	

Michelson	Interferometer	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



How	LIGO	Works	

Reference	LIGO-G1600340	 28	Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



Michelson–Morley	experiment	1887	

29	

A.	Michelson	and	W.	Morley.	On	the	Rela've	Mo'on	of	the	Earth	
and	the	Luminiferous	Ether.	1887	

Edward Morley!

Albert Michelson! Am. Jour. Sci. - Third Series, Vol. 34, No. 203, Nov. 1887. pg 333-345!



Michelson–Morley	experiment	1887	
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A.	Michelson	and	W.	Morley.	On	the	Rela've	Mo'on	of	the	Earth	
and	the	Luminiferous	Ether.	1887	

Edward Morley!

Albert Michelson!

A:empted	to	measure	the	speed	of	light	rela've	to	
the	hypothe'cal	sta'onary	‘luminiferous	aether’.	

1)	One	of	the	earliest	uses	of	a	Michelson	
interferometer.	
	
2)	Aether	not	found.	Observa'ons	consistent	with	the	
speed	of	light	being	independent	of	the	observer’s	
velocity.	Rela'vity	eventually	replaces	the	aether	
theory.	

Am. Jour. Sci. - Third Series, Vol. 34, No. 203, Nov. 1887. pg 333-345!



LIGO Hanford, Washington Observatory 

31	Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		Photo	courtesy	LIGO	Lab	



LIGO Hanford, Washington Observatory 
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•  4	km	Michelson	Interferometer	
•  Ini'al	LIGO	observa'ons	–	2002-2010	
•  Advanced	LIGO	observa'ons	began	in	2015	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		Photo	courtesy	LIGO	Lab	
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LIGO Livingston, LA Observatory 

Photo	courtesy	LIGO	Lab	



LIGO Scientific Collaboration	

34	



35!

A Network of Interferometric Gravitational Wave 
Detectors!

Image Credit: LIGO	

Reference	LIGO-G1600275	 Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



Other	types	of	GW	detectors	

eLISA	

Resonant	bar	detectors	 Space	based		interferometers	



Advanced	LIGO	observa'ons	so	far	

h:ps://dcc.ligo.org/LIGO-P1600088/public	

possible	detec'on	–	10/12/15	

confirmed	detec'on	–	9/14/15	

confirmed	detec'on	–	12/26/15	

Black	hole	merger	evolu'on	

h:ps://dcc.ligo.org/LIGO-P150914/public	

Black	hole	observa'ons	made	



What	LIGO	detected	on	14	Sept	2016	

38	

Orienta'on	of	the	observatories	

Hanford	

Livingston	

h:ps://www.ligo.caltech.edu/image/ligo20160211a	



Sky	localiza'on	of	detected	signal	

39	
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Source	was	a	binary	black	hole	merger	

Phys	Rev	Le:ers	vol.	116	pg.	061102	
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Source	was	a	binary	black	hole	merger	
Source	distance	

lys	1.3−0.59
+0.52 ×109

Phys	Rev	Le:ers	vol.	116	pg.	061102	
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Source	was	a	binary	black	hole	merger	

M¤	36+5−4
Source	distance	

lys	1.3−0.59
+0.52 ×109

Phys	Rev	Le:ers	vol.	116	pg.	061102	
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Source	was	a	binary	black	hole	merger	

M¤	36+5−4
Source	distance	

lys	1.3−0.59
+0.52 ×109

M¤	29+4−5

Phys	Rev	Le:ers	vol.	116	pg.	061102	
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Source	was	a	binary	black	hole	merger	

M¤	36+5−4
Source	distance	

lys	1.3−0.59
+0.52 ×109

M¤	29+4−5
M¤	62+4−4

Phys	Rev	Le:ers	vol.	116	pg.	061102	
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Source	was	a	binary	black	hole	merger	

M¤	29+4−5

M¤	36+5−4

M¤	62+4−4

M¤	in	GWs!	3+0.5−0.5

Source	distance	
lys	1.3−0.59

+0.52 ×109

Phys	Rev	Le:ers	vol.	116	pg.	061102	

E =mc2
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Source	was	a	binary	black	hole	merger	

M¤	29+4−5

M¤	36+5−4

M¤	62+4−4

M¤	in	GWs!	3+0.5−0.5

Source	distance	
lys	1.3−0.59

+0.52 ×109

E =mc2

50	'mes	‘brighter’	than	all	
the	stars	in	the	known	
universe	

Phys	Rev	Le:ers	vol.	116	pg.	061102	
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Source	was	a	binary	black	hole	merger	

M¤	29+4−5

M¤	36+5−4

M¤	62+4−4

M¤	in	GWs!	3+0.5−0.5

Source	distance	
lys	1.3−0.59

+0.52 ×109

WOW	that’s	
fast!	

Phys	Rev	Le:ers	vol.	116	pg.	061102	



The	warping	of	space'me	

Simula'ng	Extreme	Space'mes	Project:	h:p://www.black-holes.org/	



The Music of the Spheres!

49!
Movie Credit: LIGO	

Reference	LIGO-G1600275	 Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		



Reference	h:ps://dcc.ligo.org/LIGO-P1600088/public	

M¤	36+5−4 M¤	29+4−5

Size	of	black	holes	in	solar	masses	(M¤)	
	
											Primary										Secondary	

M¤	23+18−6 M¤	13+4−5

M¤	14+8−4 M¤	7.5+2−2

Advanced	LIGO	observa'ons	so	far	

Best	fit	of	observed	signals	

50	



Reference	h:ps://dcc.ligo.org/LIGO-P1600088/public	

M¤	36+5−4 M¤	29+4−5

Size	of	black	holes	in	solar	masses	(M¤)	
	
											Primary										Secondary	

M¤	23+18−6 M¤	13+4−5

M¤	14+8−4 M¤	7.5+2−2

Advanced	LIGO	observa'ons	so	far	

The	sounds	of	the	of	
12/26/15	event		

Pure	waveform	 Frequency	shioed	
waveform	

51	



How	we	know	what	we	saw	(heard)	

LIGO	Open	Science	Center:	h:ps://losc.ligo.org/about/	
52	



How	we	know	we	saw	black	holes	

LIGO	Open	Science	Center:	h:ps://losc.ligo.org/about/		
Professor	Sco:	Hughes:	h:p://gmunu.mit.edu/sounds/sounds.html	

53	



How	does	Advanced	LIGO	
Achieve	the	required	

sensi2vity?	

54	
Photo	courtesy	LIGO	Lab	



Advanced	LIGO	Op2cal	Layout	
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815	kW	

4	
km

	

LASER	

GW	readout	



4	
km

	

LASER	

GW	readout	

Advanced	LIGO	Op2cal	Layout	

LIGO	is	essen'ally	a	Michelson	Interferometer	

Michelson’s	interferometer	-	1887	



4	
km

	

LASER	

GW	readout	

Advanced	LIGO	Op2cal	Layout	

1.  Use	really	long	arms	to	amplify	the	strain	in	space	
(10-21 strain) * (4000 m long arms) = 4*10-18 m!



4	
km

	

LASER	

GW	readout	

≈	300	light	bounces	
in	each	arms	

Advanced	LIGO	Op2cal	Layout	

2.	Fold	the	arms	to	make	them	effec'vely	longer	
(4000 m long arms) * (300 bounces) = 1,200,000 m!



4	
km

	

LASER	

GW	readout	

815	kW	

Advanced	LIGO	Op2cal	Layout	

125	W	

3.	Most	light	is	reflected	back	to	the	laser,	so	use	another	mirror	to		
push	it	back	into	the	Michelson.	

	More	photons	=	more	signal	

5.7	kW	



Advanced	LIGO	Op2cal	Layout	
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750	kW	

4	
km

	

LASER	

GW	readout	

5.7	kW	

4.	Signal	‘recycling’	tunes	the	
frequency	response	of	the	
interferometer.	



Michelson–Morley	experiment	1887	

61	

A.	Michelson	and	W.	Morley.	On	the	Rela've	Mo'on	of	the	Earth	
and	the	Luminiferous	Ether.	1887	

Edward Morley!

Albert Michelson! Am. Jour. Sci. - Third Series, Vol. 34, No. 203, Nov. 1887. pg 333-345!



Advanced	LIGO	Op2cal	Layout	
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815	kW	

4	
km

	

LASER	

GW	readout	



L S C  The	LIGO	vacuum	system 

Ref	G1600979 
drawing courtesy of Oddvar Spjeld 

laser	

End	sta'on	
chamber	



H1	ITMX	–	30	July	2014	-	LHO	alog	13044	
64	
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Stage	4	
(test	mass	
mirror)	

Stage	3	

Stage	2	

Stage	1	

Images	courtesy	LIGO	Lab	



prototype	quad	
pendulum	
installa'on	
Jan	2009	at	MIT	

Op2cs	table	

Mirror	



Ref	LIGO-G1600979	

L S C  
Optical 
Table	

optics table - stage 2	
stage 1 

support - stage 0	



Suspensions	and	Seismic	Isola'on	

active isolation 
platform  (2 stages 

of isolation) 

hydraulic external pre-
isolator (HEPI)   (one 

stage of isolation) 

quadruple pendulum (four 
stages of isolation) with 

monolithic silica final stage 

Advanced LIGO test mass isolation 																														

Ref:	LIGO-G1000469-v1;	Kissel	PhD	thesis	
6/17	Lawrence	Berkeley	Na'onal	Laboratory	–	

23	June	2016		
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Credit	Kai	Staats	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		
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Livingston	corner	sta2on	

Image	courtesy	LIGO	Lab	



Dominant	Noise	Contribu'ons	
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10-24	

10-23	

10-22	

10-21	

10Hz	 100Hz	 1kHz	 10kHz	
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)!

Strain	
1/√Hz	

Thermal!

Quantum!

Reference	LIGO-G1600953	

Advanced	LIGO	Goal	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		
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Minimizing	mirror	thermal	noise	

Image	courtesy	LIGO	Lab	
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Minimizing	mirror	thermal	noise	

Image	courtesy	LIGO	Lab	
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Minimizing	mirror	thermal	noise	

Image	courtesy	LIGO	Lab	



Te
st
	M

as
s	

75	Time	

Am
pl
itu

de
	

•  The	mirror	has	a	finite	amount	of	thermal	
energy,	which	becomes	‘thermal	noise’	

•  This	energy	is	concentrated	at	the	resonant	
frequencies	

•  The	smaller	the	damping,	the	less	energy	there	
is	outside	these	frequencies	

Minimizing	mirror	thermal	noise	

Image	courtesy	LIGO	Lab	



Class.	Quantum	Grav.	29	(2012)	235004	

Mirror	hangs	from	glass	fibers	to	mi'gate	thermal	noise	



Class.	Quantum	Grav.	29	(2012)	235004	

Mirror	hangs	from	glass	fibers	to	mi'gate	thermal	noise	



Class.	Quantum	Grav.	29	(2012)	235004	

Mirror	hangs	from	glass	fibers	to	mi'gate	thermal	noise	
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Advanced	LIGO	noise	during	first	
observing	run	–	12/9/15	to	1/19/16	

Reference	LIGO-G1600745	

(Ini'al	LIGO)	
(Adv.	LIGO)	

Lawrence	Berkeley	Na'onal	Laboratory	–	
23	June	2016		
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More	astronomy	is	coming!	

81	
h:ps://dcc.ligo.org/public/0122/P1500217/014/LIGO-P1500217_GW150914_Rates.pdf	
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Observable	volume	of	space	*	observa'on	'me	



Denis Martynov, et. al.	
LIGO Livingston Observatory 

	ref	G1600349	

modelled	

thermal	

quantum	

Noise at 10-100 Hz	



Test	mass	fibers	for	low	thermal	noise	

Leo	–	a	fused	silica	glass	fiber	being	heated	with	an	
infrared	laser	and	pulled	
	
Top	–	2	visible	fibers	welded	between	the	test	mass	
and	the	stage	above	



aLIGO Suspensions 

Ref	G1401227	–	courtesy	Giles	Hammond	



Suspension	cavity	control	

85	

Main	(test)	
Chain	

Reac'on	
Chain	

Cavity	control	
filters	

Drio	control	

Low	frequency	control	

Medium	frequency	control	

High	frequency	control	

24	Aug	2014	-	Stanford	-	G1400964	



Hardware	Upgrades	
Component	 Ini2al	LIGO	 Advanced	LIGO	

Laser	 10	W	 200	W	

Test	masses	 11	kg,	25	cm	diameter	 40	kg,	34	cm	diameter	

Test	mass	suspensions	 Steel	wire	slings,	single	
stage		

Fused	silica	fibers,	four	
stages	

GW	Readout	Method	 RF	heterodyne	 DC	homodyne	

Seismic	isola'on	 Cutoff	frequency	40	Hz	 Ac've	servos	reduce	
seismic	cutoff	frequency	
to	10	Hz	

Op'mal	Strain	
Sensi'vity		

3	x	10-23	/		rHz	 Tunable,	be:er	than	5	x	
10-24	/		rHz	in	broadband	

Reference	LIGO-G1600340	 86	
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h:p://nanograv.org/press/	



Detec'on	sky	localiza'ons	

h:p://ligo.org/detec'ons.php	



h:p://ligo.org/detec'ons.php	

Rela've	sizes	of	observed	black	holes	



LIGO’s	Origins	

Rainer	Weiss	

Professor	Weiss’s	original	sketch	of	an	
interferometric	GW	detected	



From	Laurie	Kerrigan	
Cosmology	Workshop	Coordinator	

•  There	will	be	about	40	high	school	students	&	11	high	school	Physics	
teachers.		All	the	students	have	had	chemistry	&	many	have	had	physics.		
They	have	all	had	3	years	of	college	prep	math	&	some	are	now	taking	
Calculus.		

		
•  									Usually	the	talks	are	for	1-1	½	hours.		The	first	part	is	introducing	

your	story,	your	educa'on,	how	you	got	to	your	posi'on,	what	you	do	
now,	and	the	basic	concepts	upon	which	your	research	depends.		Then	we	
have	a	brief	ques'on	period.		The	last	part	of	the	talk	goes	in	depth	on	
your	topic	&	research	with	a	ques'on	period	at	the	end.		We	are	hoping	
not	only	the	students	learn	the	Physics,	but	also	appreciate	all	the	various	
interests	&	career	paths.	

•  You	can	split	the	parts	as	you	feel	fits	best.		Also,	feel	free	to	split	it	into	3	
parts	if	that	works	be:er.		

	

Bring	speakers	for	audio,	Laurie	says	they	don’t	have	audio	accept	through	the	microphone.	
From	email	on	31	May	2016.	



From	Alex	Kim,	May	24	

•  The	most	important	things	are	the	actual	
event,	a	bit	about	how	from	the	event	we	can	
infer	that	it	was	a	BH-BH	merger,	and	then	the	
technological	amazingness	of	LIGO.	



•  Laurie	said	on	May	31	the	presenta'on	is	on	
Auditorium	50.	

•  Alex	Kim	said	he	sent	a	parking	permit	on	2	
June	2016.	There	is	another	email	with	a	link	
to	follow.	



•  Who	came	up	with	a	big	ifo	
– Rai’s	paper	

•  How	you	tackle	all	the	major	noise	sources	
– Got	seismic	and	shot	noise,	add	thermal	

•  Backup:	Where’s	this	going	in	the	future	



Notes	

•  Say	how	this	is	a	new	kind	of	astronomy	



New	York	Times	


