
Probing	the	Universe	with	
Gravitational	Waves	

R.Weiss,	MIT	on	behalf	of	the	LIGO	Scientific	
Collaboration	

	

TEDX	Natick	
Natick	High	School	
	January	26,	2019	









Gravitational	waves	
Einstein	1916	and	1918	
–  Sources:	non-spherically	symmetric	accelerated	masses	
–  Kinematics:		

•  propagate	at	speed	of	light	
•  transverse	waves,	strains	in	space	(tension	and	compression)	
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The	measurement	challenge	

h = ΔL
L

≤10−21

L = 4km ΔL ≤ 4x10−18meters

 

ΔL ∼10−12wavelengthof light
ΔL ∼10−12 vibrationsat earth 'ssurface

Kip	Thorne	

















Credit: LIGO/Caltech/Sonoma State (Simonnet) 

“Solar	Mass”		Black	Holes	





NGC4493	



GRB	emission	angle

• Our	measurement	of	the	
inclination	angle	can	be	used	to	
say	something	about	the	opening	
angle	of	the	GRB

• Assuming	distance	is	known	
(through	redshift):	iota=160+/-
10	degs

• Larger	uncertainties	if	only	GW	is	
used

S.	Vitale 189/14/17



Multi-messenger Astronomy 
with Gravitational Waves

X-rays/Gamma-rays
Gravitational Waves

Binary Neutron Star Merger

Visible/Infrared Light

Radio Waves

Neutrinos
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Almudena  Arcones    (GSI & TU Darmstadt) 14ex  Workshop on Nuclear Astrophysics.   Ringberg, 10-15 March  2008

Nucleosynthesis conditions

Element abundances

Origin of heavy elements:

r-process, s-process, p-process, νp-process

r-process site candidates:

core-collapse supernova, neutron star 
mergers, accretion disks, jets, GRB, ...

r-process conditions:   Yn/Yseed↑

• short dynamical time scale (ms...s)

• electron fraction Ye ≈ 0.4

• high entropy (or high photon-to-baryon 
ratio)

Burbidge, Burbidge, Fowler, and Hoyle
(B2FH 1957)

nn > 1020 cm-3

�

Burbridge, Burbridge, Fowler & Hoyle 1957

https://en.wikipedia.org/wiki/Abundance_of_the_chemical_elements    (2018)

Where and how are the heavy-elements made?  

Gold, platinum, plutonium and uranium is synthesized by colliding 
neutron stars. May even be the only source needed to explain observed 
abundances. 

Observed EM signal from GW170817 suggests 0.06 M⦿  of heavy nuclei 
was produced and ejected during the merger. 

Origin	of	the	elements	



age	of	universe																										years												hours				minutes			1/10	to	1/1000	sec			



LIGO Scientific Collaboration	



Spare	slides	after	this	one	





	

Evolution	of	the	initial	detector	2001	-	2006	

A	clean	non-detection	



After	Feb	11,	2016	

Matt	Weber	

“Was$that$you$I$heard$just$now,$or$was$it$two$black$holes$colliding?”$

New%Yorker%Feb%12,%2016%

“Was	that	you	I	heard	just	now,	
or	was	it	two	black	holes	colliding	

New	Yorker	Feb	12,,	2016	



10
1

10
2

10
310

  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              
10

1
10

2
10

310
  -2
5

10
  -2
4

10
  -2
3

10
  -2
2

10
  -2
1

                        Interferometer Evolution                        

  
  
  
  
  
  
  
  
  
  
  
  
  
  
st
ra
in
/s
qr
t(
Hz
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

                              frequency Hz                              

adv virgo 08/17

adv ligo llo 08/17

adv virgo design

adv ligo design

A+

voyager

einstein-b

cosmic explorer
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Figure 1 GW170817 measurement of H0 . Marginalized posterior density for H0 (blue137

curve). Constraints at 1- and 2-� from Planck38 and SHoES39 are shown in green and138

orange. The maximum a posteriori and minimal 68.3% credible interval from this PDF is139

H0 = 70+12
�8 km s�1 Mpc�1. The 68.3% (1�) and 95.4% (2�) minimal credible intervals are140

indicated by dashed and dotted lines.141

One of the main sources of uncertainty in our measurement of H0 is due to the degeneracy142

between distance and inclination in the GW measurements. A face-on binary far away has a similar143

amplitude to an edge-on binary closer in. This relationship is captured in Figure 2, which shows144

posterior contours in the H0–◆ parameter space.145

8

Hubble	constant	measurement:	Galaxy	z	and	distance	from	GW	amplitude	



Localization	with	more	detectors	









LIGO-T1200099–v5
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Seismic noise
Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo−optic noise
Substrate Brownian noise
Excess Gas
Total noise

Figure 2: The Advanced LIGO Noise Breakdown: using GWINC (120418)

2.1 Sensitivity Limits of Second Generation Detectors

The 2nd generation interferometers (LIGO, Virgo, KAGRA) all have similar noise limits. Figure 1
shows the estimated strain spectral density curves.

2.2 Elements of Third Generation Detectors

2.3 Design Choices

In order to facilitate quantitative design choices, we have constructed the Astrophysics and Cos-
mology Detector Jacobians (Tables 5 and 6) and discuss the impact of various design changes on
astrophysical and cosmological science goals in §4, §5, and §6.

We briefly describe the various columns in the Detector Jacobians:

⌅ [TODO: Rana/Yanbei]

• NN

• Sei

• SUS

page 5

Advanced	LIGO	design	noise	budget	
 

Figure 11 Seismic isolation for the test mass optic. 
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Results	of	O1	and	O2	run	announced	June	1,	2017	

m1=36,	m2=	29,	Δm=3	

m1=23,	m2=	13,	Δm=1.5	

m1=14.2,	m2=	7.5,	Δm=1	

if	at	1	au	
h	~10-6	
Ig~	1025	w/m2	

m1=31,		m2=	19,			Δm=2	

masses	in	source	frame	
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FIG. 3: Localization of GW170814. The rapid localization using data from the two LIGO sites is shown in yellow, with the inclusion
of data from Virgo shown in green. The full Bayesian localization is shown in purple. The contours represent the 90% credible regions.
The left panel is an orthographic projection and the inset in the center is a gnomonic projection; both are in equatorial coordinates. The
inset on the right shows the posterior probability distribution for the luminosity distance, marginalized over the whole sky.

TABLE I: Source parameters for GW170814: median values
with 90% credible intervals. We quote source-frame masses; to
convert to the detector frame, multiply by (1 + z) [121, 122].
The redshift assumes a flat cosmology with Hubble parameter
H0 = 67.9 km s

�1
Mpc

�1 and matter density parameter ⌦m =

0.3065 [123].

Primary black hole mass m1 30.5
+5.7
�3.0 M�

Secondary black hole mass m2 25.3
+2.8
�4.2 M�

Chirp mass M 24.1
+1.4
�1.1 M�

Total mass M 55.9
+3.4
�2.7 M�

Final black hole mass Mf 53.2
+3.2
�2.5 M�

Radiated energy Erad 2.7
+0.4
�0.3 M�c

2

Peak luminosity `peak 3.7
+0.5
�0.5 ⇥ 10

56
erg s

�1

Effective inspiral spin parameter �e↵ 0.06
+0.12
�0.12

Final black hole spin af 0.70
+0.07
�0.05

Luminosity distance DL 540
+130
�210 Mpc

Source redshift z 0.11
+0.03
�0.04

comparison to numerical relativity gives consistent param-
eters [109].

The inferred posterior distributions for the two black
hole masses m1 and m2 are shown in Fig. 4. GW170814
allows for measurements of comparable accuracy of the
total binary mass M = m1 + m2, which is primarily

governed by the merger and ringdown, and the chirp mass
M = (m1m2)3/5/M 1/5, determined by the binary inspi-
ral [65, 126–132], similarly to both GW150914 [100] and
GW170104 [4].

The orbital evolution is dominated by the black hole
masses and the components of their spins S1,2 perpendic-
ular to the orbital plane, and other spin components affect
the GW signal on a subdominant level. The dominant spin-
effects are represented through the effective inspiral spin
parameter �e↵ = (m1a1 cos ✓LS1 + m2a2 cos ✓LS2)/M
which is approximately conserved throughout the evolution
of the binary orbit [133–136]. Here ✓LSi is the angle be-
tween the black hole spin Si and the Newtonian orbital an-
gular momentum L for both the primary (i = 1) and sec-
ondary (i = 2) black holes, and ai = |cSi/Gm2

i | is the
dimensionless spin magnitude of the initial (i = 1, 2) and
final (i = f) black holes. For a1,2, this analysis assumed
a uniform prior distribution between 0 and 0.99, with no
restrictions on the spin orientations. As with GW150914
and GW170104, �e↵ is consistent with having a arbitrar-
ily small value [4, 5]. The spin-components orthogonal
to L are interesting, as they lead to precession of the bi-
nary orbit [137, 138] and are here quantified by the ef-
fective precession spin parameter �p [107, 138]. As for
previous events [4, 5, 111, 125], the �p posterior distribu-
tion is dominated by assumptions about the prior, as shown
in Fig. 4. Given these assumptions, as well as statistical
and systematic uncertainties, we cannot draw further robust
conclusions about the transverse components of the spin.

Localization	on	sky	and	distance	

Triple	coincidence	
GW	170814	

M1		=	30		
M2	=	25	
ΔM	=	2.7	
		


