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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 =
DL

L
ù10-21

L = 4km DL ù 4x10-18 meters

 

DL ∼ 10-12 wavelengthof light

DL ∼ 10-12 vibrationsat earth 'ssurface

Kip Thorne
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Initial LIGO Interferometer Noise Budget



	

Evolution of the initial detector 2001 - 2006

A clean non-detection



Advanced LIGO design noise budget

 

Figure 11 Seismic isolation for the test mass optic. 
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Criteria for transient detection
• The same waveform must be seen at the Louisiana and 

Washington sites within ± 10 msec

• The waveform at a site cannot be coincident with signals from 
the environmental monitors at the site

• 3 axis seismometers

• 3 axis accelerometers on the chambers

• Tilt meters

• Microphones

• Magnetometers

• RF monitors

• Line voltage monitors

• Wind speed monitors

• The waveform at a site cannot be coincident with auxiliary 
signals in the interferometer not directly associated with the 
gravitational wave output

• Alignment control signals

• Laser frequency and amplitude control signals

• Approximately 105 sensing signals within the instrument 



Simple high-low pass 
filter with notches





R.EssikGeneric transient search



False alarm rate from time slides

R.Essik

Modeled search followed by c
2

R =
tcorr

ttotal
2

=
1

Nindttotal

cut



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. 5. Posterior probability distributions for the sky locations of GW150914, LVT151012 and GW151226 shown in aMollweide projec-

tion. The left plot shows the probable position of the source in equatorial coordinates (right ascension is measured in hours and declination is
measured in degrees). The right plot shows the localization with respect to the Earth at the time of detection. H+ and L+ mark the Hanford

and Livingston sites, and H− and L− indicate antipodal points; H-L and L-H mark the poles of the line connecting the two detectors (the
points of maximal time delay). The sky localization forms part of an annulus, set by the difference in arrival timesbetween the detectors.

(redshift z = 0.09+ 0.03
−0.04) and DL = 440+ 180

−190 Mpc (z =534

0.09+ 0.03
−0.04) respectively.5 GW151226 originates from alower535

mass system than GW150914 and hence the GW signal is in-536

trinsically quieter, hence its SNR is lower than GW150914’s537

even though the distances are comparable. LVT151012 is538

the quietest signal and is inferred to be at a greater distance539

DL = 1000+ 500
−500 Mpc (z= 0.20+ 0.09

−0.09).540

In all cases, there issignificant fractional uncertainty for the541

distance. This is predominantly a consequence of the degen-542

eracy between thedistance and thebinary’sinclination, which543

also impacts the signal amplitude [92, 114, 115].544

The inclination is only weakly constrained; in all cases545

there is greatest posterior support for the source being either546

face on or face off (angular momentum pointed parallel or547

antiparallel to the line of sight). This is the orientation that548

produces the greatest GW amplitude and so is consistent with549

the largest distance. The inclination could potentially be bet-550

ter constrained in a precessing system [95, 116]. Only for551

GW150914 is there preference for one of the configurations,552

with therebeing greater posterior support for thesourcebeing553

face off [38].554

Sky localization from a GW detector network is primar-555

ily determined by the measured delay in the signal arriving556

at the sites, with additional information coming from the sig-557

nal amplitude and phase [117–119]. For a two-detector net-558

work, the sky localization forms a characteristic broken an-559

nulus [120–123]. Adding additional detectors to the network560

would improve localization abilities [124–127]. The sky lo-561

calizations of the three events are shown in Fig. 5; this shows562

both celestial coordinates (indicating the origin of the signal)563

and geographic coordinates (illustrating localization with re-564

spect to the two detectors). The arrival time at Hanford rel-565

5 We convert between luminosity distance and redshift using a flat LCDM

cosmology with Hubble parameter H0 = 67.9 kms−1 Mpc−1 and matter

density parameter Wm = 0.306 [39]. The redshift is used to convert be-

tween the observed detector-frame masses and the physical source-frame

masses, m= (1+ z)msource [113].

ative to Livingston was DtHL = 7.0+ 0.2
−0.2 ms for GW150914,566

DtHL = −0.6+ 0.6
−0.6 msfor LVT151012 , and DtHL = 1.1+ 0.3

−0.3 ms567

for GW151226 .568

The 90% credible region for sky localization is 230 deg2
569

for GW150914, 850 deg2 for GW151226 , and 1600 deg2 for570

LVT151012 . As expected, the sky area is larger for quieter571

events. The sky area is expected to scale inversely with the572

square of the SNR [123, 128], and we see that this trend is573

followed.574

V. TESTS OF GENERAL RELATIVITY575

GW150914 provided us with the first empirical access to576

the genuinely strong-field dynamics of gravity. With the fre-577

quency of thewaveform peak amplitude well aligned with the578

best instrument sensitivity, thepart of thecoalescence just be-579

fore merger, as well as the merger-ringdown regime, could be580

studied in considerable detail, as described in [40]. This al-581

lowed for checksof theconsistency between massesand spins582

estimated from different portions of the waveform [129], as583

well as parameterized tests of thewaveform as awhole [130].584

Even though not much of the early inspiral was in the detec-585

tors’ sensitive band, interesting bounds could be placed on586

departures from general relativity in the PN coefficients up to587

3.5PN. Since thesource of GW151226 merged at⇠450 Hz,588

the signal provides the opportunity to probe the PN inspi-589

ral with many more waveform cycles, albeit at relatively low590

SNR. Especially in this regime, it allows us to tighten further591

our bounds on violations of general relativity.592

As in [40], to analyze GW151226 we start from the IMR-593

Phenom waveform model of [35–37] which is capable of de-594

scribing inspiral, merger, and ringdown, and partly accounts595

for spin precession. The phase of this waveform is charac-596

terized by phenomenological coefficients { pi} , which include597

PN coefficients as well as coefficients describing merger and598

ringdown. The latter were obtained by calibrating against nu-599

merical waveforms and tend to multiply specific powers of600

f , and they characterize the gravitational-waveamplitude and601
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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 isshown in purple. Thecontours represent the90% credible regions.
The left panel isan orthographic projection and the inset in thecenter isagnomonic projection; both are in equatorial coordinates. The
inset on the right shows theposterior 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 + ) [121, 122].
The redshift assumes a flat cosmology with Hubble parameter

0 = 67 9 km s 1 Mpc 1 and matter density parameter Ωm =

0 3065 [123].

Primary black hole mass 1 30 5+ 5.7
3.0 M

Secondary black hole mass 2 25 3+ 2.8
4.2 M

Chirp mass M 24 1+ 1.4
1.1 M

Total mass 55 9+ 3.4
2.7 M

Final black hole mass f 53 2+ 3.2
2.5 M

Radiated energy rad 2 7+ 0.4
0.3 M c2

Peak luminosity peak 3 7+ 0.5
0.5 × 1056 erg s 1

Effective inspiral spin parameter eff 0 06+ 0.12
0.12

Final black hole spin f 0 70+ 0.07
0.05

Luminosity distance L 540+ 130
210 Mpc

Source redshift 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 asubdominant level. Thedominant spin-
effects are represented through the effective inspiral spin
parameter χeff = (m1a1 cosθL S1

+ m2a2 cosθL S2
)/ M

which isapproximately conserved throughout theevolution
of the binary orbit [133–136]. Here θL Si

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, χeff 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 χp [107, 138]. As for
previous events [4, 5, 111, 125], the χp posterior distribu-
tion isdominated by assumptions about theprior, asshown
in Fig. 4. Given these assumptions, as well as statistical
and systematic uncertainties, wecannot 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





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
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FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signalsusing thepost–Newtonian model. Contoursenclosing 90% and 50% of theprobability density areoverlaid (dashed lines), along
with the predictions of a variety of theoretical models (filled regions). The diagonal dashed line indicates the Λ1 = Λ2 boundary. The
Λ1 and Λ2 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, |χz | ≤ 0.89, (left panel) and for the low–spin, |χz | ≤ 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 theassumption that both componentsareneutron stars, generated by applying thefunction Λ(m) prescribed by that equation
of state to the90% most probable region of thecomponent massposterior distributionsshown in Figure4. Large–radiusstarsare ruled
out by our observation.

and Λ2 generated using an equation of state from 90%1

most probable fraction of the values of 1 and 2, con-2

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

our constraints on Λ1 and Λ2 disfavor equations of state4

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

recover generates Λ 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 Λ1 and Λ2, the gravitational–wave
phase is determined by the parameter

Λ̃ =
16

13

( 1 + 12 2) 4
1Λ1 + ( 2 + 12 1) 4

2Λ2

( 1 + 2)5

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

upper limit of Λ̃ ≤ 800 in the low-spin case and Λ̃ ≤ 70010

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

Λ( ) more directly by expanding Λ( ) linearly about12

= 1 4 (as in [90, 93]), which gives Λ(1 4 ) ≤13

1367 (high–spin prior), and Λ(1 4 ) ≤ 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

tiveband of thedetector using apost–Newtonian waveform20

before the onset of strong tidal effects 30Hz ≤ GW ≤21

600Hz as rad 0 025M c2
. This is consistent with22

rad 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 1 ∈ (1 36 1 93) , 2 ∈ (0 99 1 35) and35

eff ∈ (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 = l
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

Γ2

Γ3

p1

Γ1

p(ρ) =
⇤

⇥

K1ρ
Γ1 , ρ0 < ρ< ρ1

K2ρ
Γ2 , ρ1 < ρ< ρ2

K3ρ
Γ3 , ρ> ρ2

λ1 = λ1[p(⇢),m1]

λ2 = λ2[p(⇢),m2]

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

	L =591

high spin low spin



Binary neutron star spectroscopy

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



Villar et al arXiv astroph 1710.11576

Broad band kilonova spectra vs time



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



136

Figure 1 GW170817 measurement of 0 . Marginalized posterior density for 0 (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

0 = 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 0 is due to the degeneracy142

between distanceand inclination in theGW measurements. A face-on binary far away hasasimilar143

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

posterior contours in the 0– parameter space.145

8

Hubble constant measurement: Galaxy z and distance from GW amplitude
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Localization with more detectors
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FIG. 4. The maximum signal-to-noise rat io (SNR) for which
GW detectors with the sensit ivit ies shown in figures 1, 2 and

3 would detect a system made of two black holes (each with an
int rinsic mass 30M ), as a funct ion 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 ext reme

condit ions.

are binary systems involving black holes and neutron
stars. These systems, referred to collect ively as “ com-
pact binaries” (CBCs), are ideal GW emit ters and a rich
source of informat ion about ext reme physics and astro-
physics, which is inaccessible by other means [4–8].

Binary neutron stars (BNS) could yield precious in-
format ion about the equat ion of state (EOS) of neutron
stars, which can complement or improve what can be ob-
tained with elect romagnet ic radiat ion [61, 62]. However,
second-generat ion detectors would need hundreds of BNS
detect ions to dist inguish between compet ing 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 detect ing a large
numbers of events will benefit from future detectors. Ex-
amples include est imat ing the mass and spin dist ribut ion
of neutron stars and black holes in binaries, as well as
their format ion channels [67–69].

Furthermore, a GW detector with the sensit ivit y
shown in figure 1 could detect a significant fract ion of
binary neutron star systems even at z = 6, during the
epoch of reionizat ion, 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 inst ruments could detect a system made of two
30M black holes, similar to the first system detected by
LIGO [2], with a signal-to-noise rat io of 100 at z = 10,

thus capturing essent ially all such mergers in the observ-
able universe (see figure 4).

Nearby events would have ever higher SNRs, allowing
for exquisite tests of general relat ivit y [72], and measure-
ments of black-hole mass and spins with unprecedented
precision. The possibilit y 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 st ructure
emerged.

Furthermore, future detectors may be able to observe
GW from core-collapse supernovae, whose gravitat ional-
wave signature is st ill uncertain [73]. GWs provide the
only way to probe the interior of supernovae, and could
yield precious informat ion on the explosion mechanism.
Significant uncertainty exists on the efficiency of conver-
sion of mass in gravitat ional-wave energy, but even in the
most opt imist ic scenario the sensit ivit y of exist ing GW
detectors to core-collapse supernovae is of a few mega-
parsec [74]. A factor of ten more sensit ive inst ruments
could dramat ically change the chance of posit ive detec-
t ions. 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].

I V . CON CL U SI ON S

Wepresent an out look for future gravitat ional wavede-
tectors and how their sensit ivit y depends on the success
of current research and development efforts. While the
sensit ivit y curves and contribut ing noise levels presented
here are somewhat speculat ive, in that they are based
on technology which is expected to be operat ional 10 to
15 years from now, they represent plausible targets for
the next generat ion of ground-based gravitat ional wave
detectors. By giving us a window into some of the most
ext reme events in the Universe, these detectors will con-
t inue to revolut ionize our understanding of both funda-
mental physics and astrophysics.
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LISA Pathfinder

Launched 12/03/2015
At L1, masses released
Passed acceleration tests
Next, thruster tests
PRL article in prep
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Squeezed light in gravitational wave interferometers
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Acoustic mode damper for test mass : reduce parametric instability 2

Mechanical 
Mode 

Radiation 
Pressure 

Pump 

Field 

Scattered 

Field 

Thermal 
Excitation 

FIG. 1. PI described as a posit ive feedback process. A
steady state cavity field inside the interferometer arm cavity

is distorted by scat tering off a vibrat ing mirror surface. Two
transverse opt ical sidebands are created. Both sidebands ex-

ert force on the test mass via radiat ion pressure. When the
energy dissipat ion of the acoust ic mode and the rate of work

done by the radiat ion pressure is unbalanced, one of the side-
bands excites the exponent ial growth of the acoust ic mode
amplitude. The dynamic of this process is commonly de-

scribed in terms of the parametric gain R, with R > 1 in
the case of instabilit y.

[13]. The parametric gain can be defined as

= 4 2
cΛ m

o

hom

o

00

Γ(∆ ) (1)

where c is the opt ical power circulat ing in the arm cav-
ity, o is the opt ical frequency of the light , and 00 and

hom are the cavity linewidths (full width, half maxi-
mum) for the fundamental and the higher-order opt ical
mode, respect ively. The parameter Λ measures the spa-
t ial overlap between the acoust ic and the higher-order
opt ical modes; Γ is representat ive of the interferometer
opt ical configurat ion and is a funct ion of the 3-mode in-
teract ion tuning ∆ = m 2 ∆ hom , where ∆ hom

is the frequency difference between the fundamental and
higher-order opt ical modes. For ∆ 0, the parame-
ter Γ reaches its maximum (see [14] for a more detailed
descript ion).

Unstable acoust ic modes with parametric gain up to
100 may arise in Advanced LIGO in the 10-90 kHz

band [5]. To prevent these instabilit ies, a damping mech-
anism must be int roduced to reduce the Q-factor of all
unstable acoust ic modes in this frequency band without
introducing excess thermal fluctuation in the detection
band of 10 Hz to 1 kHz.

I I I . M OD EL OF T H E A COU ST I C M OD E
D A M PER (A M D )

In order to reduce the Q test mass acoust ic modes we
designed a resonant AMD which can be at tached to the
test mass and provide dissipat ion via the piezo-electric
effect .

In this sect ion we first describe the interact ion between
the AMD and the test mass with a simple 1-D model,
then we present a complete Finite Element Model of the
ent ire system.

A . Sim pl ifi ed 1-D M odel

The AMD and test-mass system can be described as a
pair of coupled oscillators with a large mass rat io. The
AMD mass is at tached to the much more massive test
mass via piezo electric shear plates, which are modeled as
a lossy spring with complex spring constant of magnitude

and loss angle .
The test mass acoust ic mode for which we would like

to est imate the impact of the AMD is simplified in this
model to a mass , equal to the modal mass of the
acoust ic mode, at tached to a fixed reference by a lossless
spring . The coupled systems is then excited by the
radiat ion pressure force applied to the TM mode, as
shown in Fig. 2.

At frequencies near the resonance of the AMD, the
lossy spring produced by the piezoelectric material and
resist ive load will dissipate the energy of the excited
acoust ic mode, as seen in Fig. 3.

For this system of coupled oscillators, the amplitude
( ) of the acoust ic mode driven by force at angular

frequency is

( ) =
2

2 + 2

( + )2 + 2( + )2
(2)

where = 1 2
0

2 = 1 2 2
D

2
0 = 2

D = and =

(3)

The result ing effect ive Q-factor is

eff =
max( ( ))

( = 0)

2 + (1 )2

(4)

where = 0 1, and we assume 1.

When the acoust ic mode resonance is near that of the
AMD, 1 , the acoust ic mode Q is reduced to

eff . When the acoust ic mode resonance is well
above the AMD resonance, eff , and when it is
well below the AMD resonance, eff 1 , assuming

2 1.

To suppress PIs, the test mass acoust ic mode Q-factors
only need to be reduced from 107 to 105 106. Using
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the observer. We find that the data are consistent with
an anti–aligned source: cos J N 0 54, and the mis-
alignment between the total angular momentum axis and

N̂ is 56 . In a flat cosmology with 0 = 67 8
0 9km s 1 Mpc 1 [86], the independently measured re-
cession velocity 3010 150km s 1 of NGC4993 [38]
further constrains cos J N 0 87 and misalignment

30 . The constraint varies with the assumptions made
about the cosmological parameters [38].

From the gravitational–wave phase and the 3000 cy-
cles in the frequency range considered, we constrain
the chirp mass in the detector frame to be det =
1 1977+ 0.0008

0.0003 [130]. The mass parameters in the de-
tector frame are related to the rest-frame masses of the
source by its redshift as det = (1 + ). Assum-
ing the above cosmology [86], and correcting for the mo-
tion of the Solar System Barycenter with respect to the
Cosmic Microwave Background [131], the gravitational–
wave distance measurement alone implies a cosmological
redshift of 0 008+ 0.002

0.003, which is consistent with that of
NGC4993 [36, 38, 132, 133]. Without the host galaxy,
the uncertainty in the source’s chirp mass is domi-
nated by the uncertainty in its luminosity distance. Inde-
pendent of the waveform model or the choice of priors,
described below, the source–frame chirp mass is =
1 188+ 0.004

0.002 .
While the chirp mass is well constrained, our estimates

of the component masses are impacted by the degeneracy
between mass ratio and the aligned spin components 1z

and 2z [31, 134–137]. Therefore, the estimates of
and the component masses depend on assumptions made
about the admissible values of the spins. While 1
for black holes, and quark stars allow even larger values,
realistic NSequations of state typically result in lower lim-
its. For the set of EOS studied in [138] 0 7, although
other EOS can exceed this bound. We began by assum-
ing 0 89, a limit imposed by available rapid wave-
form models, with isotropic prior on spin direction. With
these priors we recover (0 4 1 0) and a constraint
on the effective aligned spin of the system [117, 139] of

eff ( 0 01 0 17). The aligned spin components are
consistent with zero, with stricter bounds than in previ-
ous BBH observations [18, 20, 21]. Analysis using the ef-
fective precessing phenomenological waveforms of [118],
which do not contain tidal effects, demonstrates that spin
components in the orbital plane are not constrained.

From and , we obtain a measure of the com-
ponent masses 1 (1 36 2 26) and 2

(0 86 1 36) , shown in Figure 4. As discussed in the
Introduction, these values are within the range of known
neutron–star massesand below thoseof known black holes.
In combination with electromagnetic observations, we re-
gard this as evidence of the BNS nature of GW170817.

The fastest–spinning known neutron star has a dimen-
sionless spin <

∼ 0 4 [145], and the likely BNSJ1807-2500B
has spin <

∼ 0 2 [146], after allowing for a broad range of

 

 

| |

| |

FIG. 4: Two dimensional posterior distribution for the compo-
nent masses m1 and m2 in the rest frame of the source for the
low–spin scenario (|χ | < 0.05, blue) and the high–spin scenario
(|χ | < 0.89, red). The coloured contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by theuncertainty in M . Thewidthsof themarginal distributions
(shown on axes, dashed linesenclose90% probability away from
equal massof 1.36M ) isstrongly affected by thechoiceof spin
priors. The result using the low–spin prior (blue) is consistent
with the masses of all known binary neutron star systems.

equations of state. However, among BNSwhich will merge
in a Hubble time, PSR J0737-3039A [147] has the most
extreme spin, less than 0 04 after spindown is extrapo-
lated to merger. If we restrict the spin magnitude in our
analysis to 0 05, consistent with the observed pop-
ulation, we recover the mass ratio (0 7 1 0) and
component masses 1 (1 36 1 60) and 2

(1 17 1 36) (see Figure 4). We also recover eff

( 0 01 0 02), where theupper limit isconsistent with the
low–spin prior.

Our first analysis allows the tidal deformabilities of the
high–mass and low–mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the post-
Newtonian waveform model for the high–spin and low–
spin priors. As a comparison, we show predictions com-
ing from a set of candidate equations of state for neutron–
star matter [140–144], generated using fits from [148]. All
EOS support masses of 2 01 0 04M . Assuming that
both components are neutron stars described by the same
equation of state, asingle function Λ( ) iscomputed from
the static = 2 perturbation of a Tolman–Oppenheimer–
Volkoff solution [92]. The shaded regions in Figure 5 rep-
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“…..in any case one can think of A will have a practically
vanishing value.”
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1916 examples:    train colllision binary star decay

m = 105 kg
v = 100km/hr
Tcollision = 1/3 sec
Rradiation= 300km
h ~ 10-42

m1=m2= 1 solar mass
Torbit= 1 day
R = 10 Kly

h ~ 10-23 @ ½ day period
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Classes of sources and searches
• Compact binary inspiral: template search

– BH/BH
– NS/NS and BH/NS

• Low duty cycle transients: wavelets,T/f clusters
– Supernova
– BH normal modes
– Unknown types of sources

• Triggered searches
– Gamma ray bursts
– EM transients

• Periodic CW sources
– Pulsars
– Low mass x-ray binaries (quasi periodic)

• Stochastic background
– Cosmological isotropic background
– Foreground sources : gravitational wave radiometry


