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New	Telescope	–	New	Astronomy	

Energy	
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Wave	EquaTon	



GravitaTonal	Waves	
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What	Produces	Detectable	GravitaTonal	Waves?	
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Anything	with	a	Tme-dependent	mass	quadrupole!	

Colliding	Binary	Systems	
(Galaxies,	Black	Holes,	Neutron	Stars)	

Rapidly	RotaTng	Neutron	Stars	
(with	lumps	on	them)	

Asymmetric	Core	Collapse	Supernovae	
Other	poorly	modeled	explosions	

A	stochasTc,	unresolvable	background	
from	the	Big	Bang,	or	all	of	the	above	



Colliding	Black	Holes!	
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Tim	Dietrich		/	AEI	/	BAM	CollaboraTon	
haps://youtu.be/YnCccVDpmrw	
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Einstein’s	Messengers	

When	space-Tme	is	wrenched,	three-dimensional	
waves	are	sent	into	the	universe	in	all	direcTons!	

Tim	Dietrich		/	AEI	/	BAM	CollaboraTon	
haps://youtu.be/xe-8WnORhg	



New	Telescope	–	New	Astronomy	

L		I		G		O	

GravitaTonal	wave	Observatory	
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Laser	Interferometer	
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How	does	it	work?	



DirecTonal	SensiTvity?	

ANS	Colloquium,	2018-01-16		 9	

θ ψ

ϕ

x' y'z 

y

z'

x 

Most	SensiTve	
to	GW	waves	directly	over	head,	
																								or	directly	beneath	

Cannot	detect	waves	
along	the	plane	of	
the	detector	

Like	a	single	microphone,	
only	one	detector	can’t	
tell	much	about	from	
where	a	gravitaTonal	
wave	has	come	



LIGO’s	Global	Partners	
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LIGO		
Hanford	

LIGO		
Livingston	 VIRGO	

GEO600	

Future		
Detectors:	
	
KAGRA		
	
LIGO	India	

With	a	network,	you	gain	direcTonal	sensiTvity!	



What	LIGO	“Hears”	
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How	Many	Have	We	Detected?	

1	Solar	Mass	=	333,000	Earth	Masses	=	2e30	kg!	
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Indirect,	
ElectromagneTc	
ObservaTons	

LIGO	
DetecTons	

Six	Black	Holes	Detected	and	Published	
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How	Diverse	Have	They	Been?	

Heaviest!		

Most	Spinning!		

At	the	limit	of	sensiTvity!		

Far	away!		

First	Triple-Coincidence	with	VIRGO!	

Lightest!		

ApJ	Le/	851.2	(2017):	L35.	



What	LIGO	“Hears”	

ANS	Colloquium,	2018-01-16		 14	

LIGO	Mirrors	are	88	lbs	of	Glass	
	
those	23	light	bulbs	of	equivalent		
power	only	move	the	mirrors		
about		
	
															1	x	10-19	meters	
1	/	10,000th	the	width	of	a	proton	
	
Characterized	in	“Strain”	
								strain	=	displacement	/	length	
											units:													meters	/	meter	
	
					1	x	10-19	meters	/	4000	meters	
										strain		=	2.5e-23	m/m	

GW
150914

	

PRL	116.6	(2016):	061102.	
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Advanced	LIGO	Performance	To	Date:	
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IniTal	LIGO	

Design	

PRL	116.13	(2016):	131103	

O2	Binary	
Black	Hole	
Range:		
1.6	GLY	

O1	

O2	

LIGO	Livingston	



Current	Observing	Roadmap	
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O1	 O2	 O3	

~1.6	Gly	 ~2.3	Gly	~1.3	Gly	

2016	 2017	 2018	 2019	2015	

Advanced	
LIGO	

Observing	
runs	

Goal	20-20	M☉	
Black	Hole	

Detectable	Range	

YOU	ARE	
HERE	

4	mo	 ~8	mo	 ~12-15	mo	

Make	it	
Beaer!	

Make	it	
Beaer!	

1	billion	light	years	=	1	Gig	light	year	=	1	Gly	

BBH	Rate	=	0.34–6.15	Gly	-3	yr	-1		

Living	Rev.	Rela4v.	19	(2016).	

PRL	118.22	(2017):	221101.	



onto the three detectors. As an illustration, we perform a
test comparing the tensor-only mode with scalar-only and
vector-only modes. We find that purely tensor polarization
is strongly favored over purely scalar or vector polar-
izations. With this, and additional tests, we find that
GW170814 is consistent with GR.

II. DETECTORS

LIGOoperates two 4 km long detectors in the U.S., one in
Livingston, LA and one in Hanford, WA [14], while Virgo
consists of a single 3 km long detector near Pisa, Italy [15].
Together with GEO600 located near Hanover, Germany
[16], several science runs of the initial-era gravitational-
wave networkwere conducted through 2011. LIGO stopped
observing in 2010 for the Advanced LIGO upgrade [1]. The
Advanced LIGOdetectors have been operational since 2015
[17]. They underwent a series of upgrades between the first
and second observation runs [4], and began observing again
in November 2016.

Virgo stopped observing in 2011 for the Advanced Virgo
upgrade, during which many parts of the detector were
replaced or improved [6]. Among the main changes are an
increase of the finesse of the arm cavities, the use of heavier
test mass mirrors that have lower absorption and better
surface quality [18]. To reduce the impact of the coating
thermal noise [19], the size of the beam in the central part of
the detectorwas doubled,which requiredmodifications of the
vacuum system and the input-output optics [20,21]. The
recycling cavities are kept marginally stable as in the initial
Virgo configuration. The optical benches supporting themain
readout photodiodes have been suspended and put under
vacuum to reduce the impact of scattered light and acoustic
noise. Cryogenic traps have been installed to improve the
vacuum level. The vibration isolation and suspension system,
already compliant with the Advanced Virgo requirement
[22,23], has been further improved to allow for a more robust
control of the last-stage pendulum and the accommodation of
baffles to mitigate the effect of scattered light. The test mass

FIG. 1. The GWevent GW170814 observed by LIGO Hanford, LIGO Livingston, and Virgo. Times are shown from August 14, 2017,
10∶30:43 UTC. Top row: SNR time series produced in low latency and used by the low-latency localization pipeline on August 14, 2017.
The time series were produced by time shifting the best-match template from the online analysis and computing the integrated SNR at
each point in time. The single-detector SNRs in Hanford, Livingston, and Virgo are 7.3, 13.7, and 4.4, respectively. Second row: Time-
frequency representation of the strain data around the time of GW170814. Bottom row: Time-domain detector data (in color), and
90% confidence intervals for waveforms reconstructed from a morphology-independent wavelet analysis [13] (light gray) and BBH
models described in Sec. V (dark gray), whitened by each instrument’s noise amplitude spectral density between 20 Hz and 1024 Hz.
For this figure the data were also low passed with a 380 Hz cutoff to eliminate out-of-band noise. The whitening emphasizes different
frequency bands for each detector, which is why the reconstructed waveform amplitude evolution looks different in each column. The
left ordinate axes are normalized such that the physical strain of the wave form is accurate at 130 Hz. The right ordinate axes are in units
of whitened strain, divided by the square root of the effective bandwidth (360 Hz), resulting in units of noise standard deviations.

PRL 119, 141101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

6 OCTOBER 2017

141101-2

GW170814:	Triple	Coincidence!	
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PRL	119.14	(2017):	141101	
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Oh	–	One	More	Thing…	
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Finally	--	A	Neutron	Star	Collision!	
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PRL	119.16	(2017):	161101	



GW170817	
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Primary:	1.36–1.60	solar	masses		
Secondary:	1.17–1.36	solar	masses		

40-14	=	0.13	billion	light	years	
+8	

PRL	119.16	(2017):	161101	

50	

100	

500	

This	is	a	really	close,	binary	*neutron	star*	collision!	



The	Physics	of	Neutron	Stars	
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•  Arer	Failure	of	Electron/

Nucleus	Degeneracy	
Pressure,	Neutrons	are	
supported	by	Pauli	
Exclusion	of	Neutrons	

Heavy	Nuclei	Atoms,	up	
to	106		Tme	as	dense	as	
your	average	star	

•  The	end	of	a	heavy	star’s	life	cycle	
•  	A	red	super	giant’s	fusion	

can’t	support	it’s	weight	
beyond	iron	

•  Core-Collapse	Supernova	

Mostly	Neutrons	supported	
by	Quantum	Pressure	

Iron	Crust	

??	
•  What’s	in	the	middle??	



GravitaTonal	Waves	from	Neutron	Stars	
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Point	ParTcle	
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Collision	Point	

GravitaTonal	wave	show	us	results	
from	astrophysical-scale	colliders	

•  State-of-the-art	nuclear	
theorists	haven’t	been	able	
to	constrain	models	very	well	
…	sTll	LOTS	of	opTons...	

Neutron	Star	
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EquaTon	of	State:	Unknown!	
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Design	

For	now	we	must	sTll	rely	on	electromagneTc	observaTons…	

CQG	27.19	(2010):	194002.	

PRD	79.12	(2009):	124033.	
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GW170817:	Virgo	didn’t	see	it?	GREAT!	

Courtesy	of	LIGO/Virgo/NASA/Leo	Singer	



GW170817	and	Gamma	Ray	Bursts	
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GW170817:	Where	on	the	sky?	
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The	incredibly	small	region	on	
the	sky	

LIGO	Only:																			190	deg2	
	

Rapid	LIGO	&	VIRGO:			31	deg2	
	

Final	LIGO	&	VIRGO:					28	deg2	

~30	galaxies	
are	within		
LIGO/Virgo	
error	box		

Nature	551.7678	(2017):	nature24291	
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Who	saw	GW170817?	

3	GW	detectors	
~70	Ground	EM	observatories	

7	Space	Telescopes	
EVERYONE.	

The	en4re	electromagneTc	spectrum!	ApJ	Le/.	848.2	(2017):	L12.	
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Images	courtesy	of	NASA	/	ESA	

Hubble	OpTcal	

Swir	Ultraviolet	

Chandra	X-ray	

Found	It!	And	They	Saw	it	Evolve!	

NGC	4993	
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So	What	was	GW170817?	
Not	a	nova,	
Not	a	supernova,	
but	a	KILONOVA:	
  
n. /ˈki:ləʊ:nəʊvə/ A collision of 
neutron stars, which emit a jet of 
gamma rays, that explode into the 
surrounding stellar media 
	
	
	
	

They	produce	most	of	the	heavy	/	precious	
metals!	

Kasliwal,	M.	M.,	et	al.	Science	(2017):	eaap9455	

Jennifer	Johnson/SDSS	



Neutron	Star	Physics:	We’re	“On	the	Board!”	
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Tidal	Deformability	of		
Primary	/	(dimensionless)	

From	its	g-waves	
alone,	
GW170817	rules	
out	some	“sTff”	
equaTon	of	
state	models	

PRL	119.16	(2017):	161101	



Why	is	LIGO/VIRGO	Important	for	Neutron	Star	
Physics?	

•  We	are	able	to	pin-point	the	locaTon	on	the	sky	

•  We	were	able	to	directly	measure	the	mass,	and	therefore	confirm	
the	mechanism	

•  We	have	an	independent	distance	measure	

•  Turned	an	un-impressive	gamma	burst	into	an	off-axis	kilonova	

•  Experimental	evidence	of	what	makes	a	large	fracTon	of	precious	/	
rare-earth	metals	found	in	the	universe	

•  Beginning	to	rule	out	some	neutron	star	equaTons	of	state	

•  A	brand	new	way	to	look	at	the	bright	and	dark	universe	
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Image	Credit:	Aurore	Simonnet	



Come	Visit	in	REAL	LIFE!	
Public	tours	every	2nd	Saturday	of	the	Month,		
1:30p	&	3:30p,	with	a	talk	in	the	middle	
	
	
	
	
	
														Next	tour	Feb	10th	2018!	
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@LIGO,		
@LIGOWA,	@LIGOLA	

facebook.com/	
LigoScienTficCollaboraTon/	

ANS	Colloquium,	2018-01-16		



Thank	You!	
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Stay	tuned	for	O3	in	the	beginning	of	2019!	



Bonus:	Planck	Stars?	
•  TheoreTcal	concocTon	to	avoid	the	InformaTon	Paradox	

•  Model	hinges	on	a	quantum	gravitaTonal	“force”	just	like	electron	or	neutron	
degeneracy	pressure,	the	authors	argue	for	a	quantum	

•  “Just	before	singularity”	phase	–	short	in	proper	Tme,	but	very	long	to	an	
external	observer	–	but	sTll	within	a	Hubble	Tme	

•  Universe	may	have	these	“primordial”	black	holes	

•  Depending	on	your	cosmological	religion	(top	down,	or	boaom	up),	these	
very	old	black	holes	could	be	supermassive	(>106	Msun),	or	stellar	mass	(~10	
Msun)	

•  If	super	massive	–	out	of	LIGO’s	frequency	band,	we	need	LISA	(give	us	more	
Tme	&	money)	

•  If	stellar	mass	–	they’d	currently	be	too	far	away	for	this	generaTon	of	
ground	based	detectors	(give	us	more	Tme	&	money)	
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