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Data Analysis Challenge



Typical Data Stream
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Typical Data Stream

a) Characterise the noise
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Typical Data Stream

a) Characterise the noise
b) Model potential signals
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Material to Download

https://s.gwdg.de/th635p

FRANK OHME 3/25



Stationary Gaussian noise

▶ Assume the following noise properties:
– Stationarity: invariant under time translation
– Gaussianity with zeromean

▶ Fourier spectrum of the noise:

ñT (f ) =
1√
T

∫ T

0
n(t) e−i2πf t dt

Sn(f ) =
〈
lim
T→∞

|ñT (f )|2
〉

▶ Wiener-Khinchin theorem: Sn is the Fourier transform of the auto-correlation function
⇒ ⟨ñ(f ) ñ∗(f ′)⟩ = 1

2Sn(f ) δ(f − f ′)
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LIGO’s Noise Spectral Density
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LIGO’s Noise on Sept 04
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Signal Hidden in the Noise?
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Signal buried in the noise?
▶ How likely is a particular noise realisation?

p(n) ∼ e−(n|n)/2,

with (a|b) = 4Re

∫ ã(f ) b̃∗(f )
Sn(f )

df .

▶ Is it more likely that the observed data stream s contains a signal h, i.e., s = n + h?

Λ =
e−(s−h|s−h)/2

e−(s|s)/2

ln Λ = (s|h)− (h|h)
2 ≤ 1

2
(s|h)√
(h|h)

=
1
2 (s|ĥ)

▶ (s|ĥ) is commonly referred to as the (recovered) signal-to-noise ratio
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▶ (s|ĥ) is commonly referred to as the (recovered) signal-to-noise ratio

FRANK OHME 8/25



Signal buried in the noise?
▶ How likely is a particular noise realisation?

p(n) ∼ e−(n|n)/2,

with (a|b) = 4Re
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Real-life Searches

1. Need to know the signals we are looking for.
2. Filter data with all some of them.
3. Account for non-stationarity and non-Gaussianity of noise.
4. Quantify false alarm probability.

H

L
coherent signal?

FRANK OHME 9/25
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Template Bank
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∼ 250 000 templates
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Search results
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Search results
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First Discovery
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Interpreting the Signal



GW150914

[PRL116, 061102 (2016)]
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GW150914

[PRL116, 061102 (2016)]
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Binary phase evolution

Newtonian binary (arbitrarymasses)

h(t) = A4M η v(t)2

D
cos(2ϕorb(t) + ϕ0)

E(t) = −Mη

2 v(t)2

L(t) = c5

G
32
5 η

2
(
v(t)
c

)10

v(t) = ω(t) r(t)

η =
m1m2
M 2

Keppler’s law:
v2(t) =

GM
r(t)

1. From the energy-balance law, dE/dt = −L, derive a differential equation for the binary’s
velocity v(t).

2. Calculate v(t) and ω(t). Integrate ω(t) to obtain ϕorb(t).

FRANK OHME 15/25



Solution

dv
dt

(t) = − L(t)
dE(v)/dv

=
1
Gc5

32
5M η v9(t)

v(t) =
1
2

8

√
5MGc5
η (tc − t)

ω(t) =
v3(t)
GM

=
1
8

(
5c5

(GM)5/3η (tc − t)

)3/8

=
1
8

(
c3

GMc

)5/8( 5
tc − t

)3/8

Mc = M η3/5

ϕorb(t) =
∫
ω(t)dt = ϕc −

(
c3

G
tc − t
5Mc

)5/8
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GW150914 – Howmuchmass?
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[PRL116, 241102 (2016)]
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Binary parameters

▶ 2masses (m1,m2 /Mc ,q)
▶ 6 spin vector parameters
▶ reference time and phase
▶ 2 eccentricity parameters
▶ tidal parameters (for neutron stars)
▶ 2 angles for sky location
▶ inclination angle (ι)
▶ polarization angle (ψ)
▶ distance (D)

[S
at
hy
ap
ra
ka
sh
,S
ch
ut
z,
LR
R] S⃗1

S⃗2
L⃗
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Distance and Inclination

h+ ≈ 2
(
1 + cos2 ι

)Mηv(t)2
DL

cos [2ϕorb(t)]

ι

DL
M : total mass,M = m1 +m2

η: symmetric mass ratio,
η = m1m2/M 2

v: orbital velocity
ϕorb: orbital phase
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Non-precessing systems

▶ Parameters:M , η, χi =
S⃗i · L̂
m2

i

▶ Reduced spin: χeff =
m1χ1 +m2χ2

M

S⃗1 S⃗2

L⃗

q = 1, χ1 = χ2 = 0 q = 1, χ1 = χ2 = 0.99 q = 1, χ1 = χ2 = −0.99
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Generic spins: precession

▶ η, S⃗⊥1 , S⃗⊥2 7→ η, χp [Schmidt, FO, Hannam 1408.1810]

▶ Waveform depends non-trivially on inclination ι

S⃗1

S⃗2
L⃗

ι = 0

ι = π/2
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Binary Black Hole Explorer
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Binary Black Hole Explorer
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Modelling Binary Coalescences

Inspiral Merger Ringdown
post-Newtonian theory no analyt. model perturbation theory
effective one body Numerical Relativity

[FO, CQG 29 124002 (2012)]

FRANK OHME 24/25



The Inverse Problem

source parameter

p
ro

b
ab

ili
ty

Likelihood & Posterior
Quantities d : data, h :GWmodel, θ : source parameters

Inner Product ⟨d,h⟩ = 4Re
∫ d̃(f )h̃∗(f )

Sn(f ) df

Likelihood Λ(d|h(θ)) ∼ exp(−∥d − h(θ)∥2/2)
Posterior p(θ|d) = Λ(d|θ)π(θ)

p(d)
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