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Results	of	O1	and	O2	run	announced	June	1,	2017	
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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	
		



ringdown	of	metric	normal	
modes	at	event	horizon	

low	frequency	
non-linear	memory	

modulation	of	post	Newtonian	
waveform	by	spin	–	orbit	coupling	
Hawking	area	theorem	

New	measurements	for	General	Relativity	



BH	Astronomy	
•  Formation	and	rates	
–  Common	stellar	envelope	–	correlated	spins	

•  first	stars	
•  continuous	at	all	epochs	

– Dynamical	–	globular	clusters,	random	spins	
–  Primordial	
–  EM	counterparts	–	improved	position,	lower	latency	

•  Statistics	and	distribution	
– mass	distribution	of	binary	BH	
–  distribution	in	distance	(z)	

•  Cosmology	



Are we observing Primordial Black Holes? 
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(Mandic et al. 2017) 

• Was GW150914 of primordial origin?
If so, is GW150914 evidence for dark 
matter in form of black holes?

• PBHs accrete primordial gas, 
converting a fraction of accreted 

  mass to radiation, leading to 
  distortions of CMB power spectra.
  

•  PBHs with masses > 100 Msun are 
ruled out as dominant dark-matter 
component.

(Cholis et al. 2016) 

(Ali-Haimond et al. 2017) 

stochastic background of PBHs

• PBHs could be dominant dark matter 
if masses are 20-100 Msun.

(Ricotti et al. 2008) 
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FIG. 4. The maximum signal-to-noise ratio (SNR) for which
GW detectors with the sensitivities shown in figures 1, 2 and
3 would detect a system made of two black holes (each with an
intrinsic mass 30M�), as a function of redshift. Many systems
of this sort will be detected at z < 2 with an SNR > 100,
enabling precision tests of gravity under the most extreme
conditions.

are binary systems involving black holes and neutron
stars. These systems, referred to collectively as “com-
pact binaries” (CBCs), are ideal GW emitters and a rich
source of information about extreme physics and astro-
physics, which is inaccessible by other means [4–8].

Binary neutron stars (BNS) could yield precious in-
formation about the equation of state (EOS) of neutron
stars, which can complement or improve what can be ob-
tained with electromagnetic radiation [61, 62]. However,
second-generation detectors would need hundreds of BNS
detections to distinguish between competing EOS [63–
65]. New detectors would help both by providing high
SNR events, and increasing the numbers of threshold
events [66].

In general, all studies that rely on detecting a large
numbers of events will benefit from future detectors. Ex-
amples include estimating the mass and spin distribution
of neutron stars and black holes in binaries, as well as
their formation channels [67–69].

Furthermore, a GW detector with the sensitivity
shown in figure 1 could detect a significant fraction of
binary neutron star systems even at z = 6, during the
epoch of reionization, beyond which few such systems
are expected to exist [70]. Those high-redshift systems
could be used to verify if BNS are the main producer of
metals in the Universe [71], and as standard candles for
cosmography [9].

Future instruments could detect a system made of two
30M� black holes, similar to the first system detected by
LIGO [2], with a signal-to-noise ratio of 100 at z = 10,

thus capturing essentially all such mergers in the observ-
able universe (see figure 4).
Nearby events would have ever higher SNRs, allowing

for exquisite tests of general relativity [72], and measure-
ments of black-hole mass and spins with unprecedented
precision. The possibility of observing black holes as far
as they exist could give us a chance to observe the rem-
nants of the first stars, and to explore dark ages of the
Universe, from which galaxies and large-scale structure
emerged.
Furthermore, future detectors may be able to observe

GW from core-collapse supernovae, whose gravitational-
wave signature is still uncertain [73]. GWs provide the
only way to probe the interior of supernovae, and could
yield precious information on the explosion mechanism.
Significant uncertainty exists on the e�ciency of conver-
sion of mass in gravitational-wave energy, but even in the
most optimistic scenario the sensitivity of existing GW
detectors to core-collapse supernovae is of a few mega-
parsec [74]. A factor of ten more sensitive instruments
could dramatically change the chance of positive detec-
tions. In fact, while the rate of core-collapse supernovae
is expected to be of the order of one per century in the
Milky Way and the Magellanic clouds, it increases to ⇠ 2
per year within 20 Mpc [75, 76].

IV. CONCLUSIONS

We present an outlook for future gravitational wave de-
tectors and how their sensitivity depends on the success
of current research and development e↵orts. While the
sensitivity curves and contributing noise levels presented
here are somewhat speculative, in that they are based
on technology which is expected to be operational 10 to
15 years from now, they represent plausible targets for
the next generation of ground-based gravitational wave
detectors. By giving us a window into some of the most
extreme events in the Universe, these detectors will con-
tinue to revolutionize our understanding of both funda-
mental physics and astrophysics.
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Binary	Neutron	Star	Coalescence	

	

cgw
cem

=1±10−15

Short	high	energy	gamma	
ray	bursts	are	associated	
with	NS	collisions	



NGC4493	



Binary	NS	Physics	and	Astronomy	
•  Nuclear	physics	

–  Equation	of	state	
•  Tidal	distortion	and	orbital	

phase	
•  Spectroscopy	of	normal	

modes	post	collision	
–  Structure	of	NS	

•  CW	detection	of	rotation	from	
non-sphericity	

•  Non	spheroidal	modes	before	
collision	

•  glitches	and	change	of	wave	
amplitude	

–  Formation	of	heavy	elements	
•  R-process	in	kilonova	

•  General	Relativity	
–  CW	polarization	and	speed	

•  Astronomy	
–  Formation	processes	
–  Spin	orientations,	magnitudes	

	

Cosmology:	Standard	object	at	known	distance	–	possibly	with	
independent	measure	of	z.	Systematic	errors	different	than	
standard	EM	techniques		
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FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post–Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines), along
with the predictions of a variety of theoretical models (filled regions). The diagonal dashed line indicates the ⇤1 = ⇤2 boundary. The
⇤1 and ⇤2 parameters characterize the size of the tidally-induced mass deformations of each star and are proportional to k2(R/m)

5.
Constraints are shown for the high–spin scenario, |�z |  0.89, (left panel) and for the low–spin, |�z |  0.05, (right panel). As a
comparison, we plot predictions for tidal deformability (labeled solid lines) given by a set of representative equations of state [131–
135] under the assumption that both components are neutron stars, generated by applying the function ⇤(m) prescribed by that equation
of state to the 90% most probable region of the component mass posterior distributions shown in Figure 4. Large–radius stars are ruled
out by our observation.

and ⇤2 generated using an equation of state from 90%1

most probable fraction of the values of m1 and m2, con-2

sistent with the posterior shown in Figure 4. We find that3

our constraints on ⇤1 and ⇤2 disfavor equations of state4

that predict larger–radius stars, since the mass range we5

recover generates ⇤ values outside the 90% probability re-6

gion. This constraint is consistent with those from X–ray7

observations of neutron stars [4, 137, 138].8

To leading order in ⇤1 and ⇤2, the gravitational–wave
phase is determined by the parameter

⇤̃ =
16

13

(m1 + 12m2)m
4
1⇤1 + (m2 + 12m1)m

4
2⇤2

(m1 + m2)
5

[79, 91]. Assuming a uniform prior on ⇤̃, we place a 90%9

upper limit of ⇤̃  800 in the low-spin case and ⇤̃  70010

in the high-spin case. We can also constrain the function11

⇤(m) more directly by expanding ⇤(m) linearly about12

m = 1.4M� (as in [90, 93]), which gives ⇤(1.4M�) 13

1367 (high–spin prior), and ⇤(1.4M�)  800 (low–spin14

prior).15

Since the energy emitted in gravitational waves depends16

critically on the EOS of neutron-star matter, with a wide17

range consistent with constraints above, we are only able18

to place a lower bound on the energy emitted in the sensi-19

tive band of the detector using a post–Newtonian waveform20

before the onset of strong tidal effects 30 Hz  fGW 21

600 Hz as Erad > 0.025 M� c
2. This is consistent with22

Erad obtained from numerical simulations [92, 139].23

The impact of spin components misaligned with the or-24

bital angular momentum is estimated using the effective25

precessing phenomenological waveforms of [108], which26

do not contain tidal effects. We estimate systematic er-27

rors on mass and tide parameter statements by compar-28

ing the post–Newtonian results with parameters recovered29

using an effective-one-body mode [106] augmented with30

tidal effects extracted from numerical relativity with hy-31

drodynamics [140]. This does not change the 90% credi-32

ble intervals for component masses and effective spin un-33

der low-spin priors. In the case of high-spin priors, we34

obtain m1 2 (1.36, 1.93)M�, m2 2 (0.99, 1.35)M� and35

�e↵ 2 (0.0, 0.09).36

Comparisons with tidal waveform models under devel-37

opment [141–145] suggest that in the parameter space of38

interest, the post–Newtonian model used will systemati-39

cally over–estimate the value of the tidal deformabilities.40

Indeed, parameters recovered with effective–one–body and41

numerically-calibrated tides indicate shifts in the posterior42

6

Neutron	Star	Tidal	Distortion	

	
Qij =λ

d2V(r)
dxidxj

tidal	distortion	

Tidal Effects at Late Times 

• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects
• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects

t (s)

Measuring the EOS directly
• The tidal deformability is calculated from the EOS
• This can be inverted to find EOS parameters from observations of the tidal 

parameters and masses
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K2��2 , �1 < � < �2

K3��3 , � > �2

�1 = �1[p(⇢),m1]

�2 = �2[p(⇢),m2]

B. Lackey, L. Wade. PRD 91, 043002 (2015)

	Λ =591

high	spin	 low	spin	



Binary	neutron	star	spectroscopy	

S.Bose,K.Chakravarti,	L.Rezzolla,	B.S.	Sathyaprakash,	K.	Takami	



136

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	



The	scientific	and	technical	challenges	
•  Given	the	radical	difference	between	GW	sources	

(accelerating	mass)	and	EM	(accelerating	charge)	and	the	
penetrating	ability	of	GW	there	must	be	sources	unique	to	
the	GW	sky	not	known	to	EM	astronomy.	What	is	an	effective	
way	to	search	for	them?	

•  The	critical	importance	of	detector	sensitivity:	the	need	to	
improve	the	limiting	hmin	–	the	minimum	detectable	
gravitational	strain.	

	

Transient	detection	events		∝ 	Tobsbut ∝
1
hmin3

SNR periodic sources ∝ Tobs but ∝
1
hmin

SNR stochastic background ∝ Tobs but ∝
1
hmin



LHO	

LLO	

GEO	

VIRGO	

KAGRA	

LIGO	INDIA	



Localization	with	more	detectors	
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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

Design	noise	budget	Advanced	LIGO	
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Strategic	planning	
	
–  3rd	generation	detector	science	opportunities	

•  Networks	of	3rd	and	2nd	generation	detectors	
•  How	to	facilitate	multi-messenger	astronomy	

–  3rd	generation	detector	configurations	
•  single	ifo,	multiple	ifo	
•  cryogenic	
•  buried,	surface	

–  3rd	generation	engineering	studies	
•  value	engineering	–	cost	reduction	
•  realistic	cost	estimates	

–  Preparing	the	support	of	the	scientific	community		
•  NRC	studies	
•  Decadal	reviews	?	
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Fig. 3. Upper limits on h0 for Scorpius X-1 from Advanced LIGO O1 data, using several di↵erent
search methods. The dashed line indicates the torque-balance benchmark.

More intensive measurements and analysis of Sco X-1 X-ray emission could yield a
dramatic scientific payo↵.

3.4. All-sky searches for isolated stars

In carrying out all-sky searches for unknown neutron stars, the computational con-
siderations grow worse. The corrections for Doppler modulations and antenna pat-
tern modulation due to the Earth’s motion must be included, as for the targeted
and directed searches, but the corrections are sky-dependent, and the spacing of the
demodulation templates is dependent upon the inverse of the coherence time of the
search. Specifically, for a coherence time Tcoh the required angular resolution is115

�✓ ⇡ 0.5 c �f

f [v sin(✓)]max

, (16)

where ✓ is the angle between the detector’s velocity relative to a nominal source
direction, where the maximum relative frequency shift [v sin(✓)]max/c ⇡ 10�4, and
where �f is the size of the frequency bins in the search. For �f = 1/Tcoh, one
obtains:

�✓ ⇡ 9⇥ 10�3 rad

✓
30 minutes

Tcoh

◆✓
300 Hz

fs

◆
, (17)

where the nominal Tcoh = 30 minutes has been used in several all-sky searches to
date. Because the number of required distinct points on the sky scales like 1/(�✓)2,
the number of search templates scales like (Tcoh)2(fs)2 for a fixed signal frequency
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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
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Figure 11 Seismic isolation for the test mass optic. 
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