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The detected GWs

GW150914 from BBH (36/29)M¯ @420 Mpc; LIGO SNR 24, FAR 6/107yrs

LVT151012 from BBH (23/13)M¯ @1000 Mpc; LIGO SNR 10, 37/102yrs (1.7 σ)

GW151226 from BBH (14/08)M¯ @440 Mpc; LIGO SNR 13, 6/107yrs (5.3 σ)

GW170104 from BBH (31/19)M¯ @880 Mpc (0.18); LIGO SNR 13, 1/70,000yrs

GW170814 from BBH (31/25)M¯ @540 Mpc; LIGO/Virgo SNR 18, 1/27,000yrs

GW170817 from BNS (1.5/1.3)∗M¯ @40 Mpc; LIGO/Virgo SNR 32, 1/80,000yrs

GRB 170817A detected by Fermi-GBM 1.7 s after GW170817 near NGC 4993∗∗

optical SSS17a/AT 2017gfo: less than 11 hours after merger with two week long

Kilonova

∗(1.36-1.60/1.17-1.36) Low-spin priors, (1.36-2.26/0.86-1.36) High-spin priors

Chirp mass 1.188 M¯

∗∗z = 0.008: Hubble constant H0 = 70 (67.90 from Planck) km/sMpc



tidal deformability (significant above 600 Hz):
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stellar radius: R

second Love number:

k2 = 0.05− 0.15 (NS)

k2 = 0 (BH)

Λ(1.4M¯) ≤ 800 for Low-spin priors and ≤ 1, 400 for High-spin priors



GW150914

h(t)L = ∆L(t) = δLx − δLy



GW150914



source power (3 solar masses radiated away in 0.2 seconds)
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Interferometric detection of GWs



line element ds2 = gµνdxµdxν

gravitational wave ds2 = ηµνdxµdxν + hTT
ij dxidxj

Fermi normal coordinates

ds2 = −(1− 1
2c2

ḧTT
ij x̂ix̂j)c2dt̂2 + dx̂idx̂i (|x̂| << c/f)



MTW: Gravitation (1973)

d2ẑ/dt̂2 = 0

d2ŷ/dt̂2 = 1
2 (−Ä+ŷ + Ä×x̂)

d2x̂/dt̂2 = 1
2 (Ä+x̂ + Ä×ŷ)

propagating in ẑ-direction

gravitational quadrupole wave



chirp mass M :=
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BH spacetimes (non-rotating)



MTW: Gravitation (1973)



Brill-Lindquist BHs



Misner-Lindquist BHs



Binary dynamics

Test particle in Schwarzschild field

r = 6 GM/c2 = 3 RS (x = 1/6): ISCO

r = 3 GM/c2 = 3/2 RS (x = 1/3): light ring or light sphere

r = 2 GM/c2 = RS (x = 1/2): event horizon

r = 2.25 GM/c2 = 9/8 RS : Buchdahl limit (most compact star)



Innermost Stable Circular Orbit (ISCO)

H = H(p, r), p2 = p2
r + j2/r2, pr = (p · r)/r

circular orbits: pr = 0, p2 = j2/r2, H = H(j, r)

circular motion: ∂
∂r H(j, r) = 0 → H(j)

orbital frequency: ω = dH(j)
dj → H(ω)

ISCO: ∂2

∂r2 H(j, r) = 0 or alternatively dH(ω)
dω = 0

E(x) ≡ H(x)
µc2

, x =
(GMω)2/3

c2
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Binaries at 4PN approximation:
Jaranowski/GS 2013, Damour/Jaranowski/GS 2014 (see PRD or arXiv)
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M

0 ≤ ν ≤ 1
4 = 0.25, ν = 0: test particle, ν = 0.25: equal masses



test particle exact

4PN test particle

4PN equal-mass binary

x

E(x)
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data stream: s(t; θ) = n(t) + h(t; θ̃), θ = (θi), i = 1, ..., N

n(t): noise amplitude

hte = h(t; θ̂): template wave form

inner product:

< hte|h > = 2
∫ ∞

0

h̃∗te(f)h̃(f) + h̃∗(f)h̃te(f)
Sn(f)

df = 4Re
∫ ∞

0

h̃∗te(f)h̃(f)
Sn(f)

df

Sn(f): spectral noise density, Sn(f) = limT→∞ 1
T |ñ(f ; T )|2





SNR :
S

N
[hte] =

< hte|hte >

rms < hte|n >
= < hte|hte >1/2

1.5PN wave form (including tail from back scattering) in Fourier
domain above ISCO (c = G = 1):

h̃te(f) =
Q
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+ spin-orbit + spin1-spin2 + rotational quadrupole (spin2) + tidal quadrupole



Impact on fundamental physics

1 - GW do exist! a la Einstein? longtime observations through BNS!

2 - BH do exist! a la Einstein? multipole structure? alternatives?

3 - NS-components likely! proper rotations? EOS? alternatives?


