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MyCareer in a Nutshell

Jena
▶ Diploma 2008
▶ Numerical Relativity
▶ “Small field,” more

opportunities in
gravitational waves

MPI Potsdam
▶ PhD 2012 Signal

Modelling
▶ Joining LIGO

Collaboration
▶ Married

Cardiff (UK)
▶ 2012-2016
▶ Data Analysis
▶ First detection
▶ First child
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MyCareer in a Nutshell

Hannover
▶ IndependentMax Planck Research

Group Leader since 2016
▶ Second Child
▶ Manymore detections
▶ Transitioning to permanent group

leader & PhD coordinator

Success requires passion for science.
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Topics

1. Gravity
Newton vs. Einstein
Curved Spacetime
Effect of Gravitational Waves
Binary System

2. Laser Interferometer Gravitational-wave
Observatory (LIGO)

Basic Interferometry
Virtual Tour through LIGO
The GWDetector Network

3. Data Analysis Challenge

Characterising Noise
LIGO’s Noise
Signals Hidden in Noise
Matched-Filter Searches
First Discovery

4. Interpreting the Signal
GW150914
Energy Carried by GWs
TheMass in GW150914
WaveformModels
Parameter Estimation
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Public Alerts
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Gravity



What is Gravity?

vs.
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Thought Experiment

F⃗g ν

FRANK OHME 8/38



Thought Experiment

F⃗g ν
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Thought Experiment

ν (8 min)
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Gravity is Special

F = mia = −mgg

▶ F : Force
▶ a: acceleration, change of velocity
▶ g : acceleration, gravitational field
▶ mi : inertial mass
▶ mg : gravitational mass
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Gravity = Curved Spacetime

Credit: T. Pyle/Caltech/MIT/LIGO Lab
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Curvature↔ Separation

Properties of spacetime
encoded inmetric gµν
Assume small perturbation
of flat spacetime,

gµν = ηµν+hµν , |hµν | ≪ 1

Einstein’s Eq.→ □h̄µν = −16πG
c4

Tµν

h̄ij(t , x⃗) =
G
c4

2
|⃗x|

d2

dt2

∫
y iy jρ(t − |⃗x|/c, y⃗)d3y

hµν =


0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0

⇒
Gravitational
waves
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The Effect of Gravitational Waves

L

δL
L

≈ h
2

h×

h+
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Merging Black Holes
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Newtonian Binary

h̄ij(t , x⃗) =
4G
c4

∫ Tij(t − |⃗x − y⃗|, y⃗)
|⃗x − y⃗|

d3y

≈ G
c4

2
|⃗x|

d2

dt2

∫
y i y j ρ(t − |⃗x|, y⃗) d3y

(for |⃗x| ≫ |⃗y|, finite-size, non-relativistic sources)

x⃗

y⃗

m1

m2

r
Assume the perfect circular motion of two point particlesm1 = m2
with a constant orbital frequency ω.
1. Parameterize the position of both particles x⃗1(t), x⃗2(t).
2. Use ρ(t , y⃗) = m1δ(y⃗ − x⃗1) +m2δ(y⃗ − x⃗2) to calculate h̄ij .
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Solution

Centre-of-mass coordinate system:

x⃗1 =
[ r
2 cos(ωt), r2 sin(ωt)

]
= −x⃗2

∫
y1 y1 ρ(t , y⃗) d3y = m1

r2

4 cos2(ωt) +m2
r2

4 cos2(ωt) = Mr2

4 cos2(ωt)∫
y i y j ρ(t , y⃗) d3y =

Mr2

4

(
cos2(ωt) cos(ωt) sin(ωt)

cos(ωt) sin(ωt) sin2(ωt)

)

=
Mr2

8

(
1+ cos(2ωt) sin(2ωt)
sin(2ωt) 1− cos(2ωt)

)

h̄ij(t , x⃗) = −G
c4
Mr2ω2

|⃗x|

(
cos(2ωt ′) sin(2ωt ′)
sin(2ωt ′) − cos(2ωt ′)

)
, t ′ = t − |⃗x|

FRANK OHME 15/38



Solution

Centre-of-mass coordinate system:

x⃗1 =
[ r
2 cos(ωt), r2 sin(ωt)

]
= −x⃗2∫

y1 y1 ρ(t , y⃗) d3y = m1
r2

4 cos2(ωt) +m2
r2

4 cos2(ωt) = Mr2

4 cos2(ωt)

∫
y i y j ρ(t , y⃗) d3y =

Mr2

4

(
cos2(ωt) cos(ωt) sin(ωt)

cos(ωt) sin(ωt) sin2(ωt)

)

=
Mr2

8

(
1+ cos(2ωt) sin(2ωt)
sin(2ωt) 1− cos(2ωt)

)

h̄ij(t , x⃗) = −G
c4
Mr2ω2

|⃗x|

(
cos(2ωt ′) sin(2ωt ′)
sin(2ωt ′) − cos(2ωt ′)

)
, t ′ = t − |⃗x|

FRANK OHME 15/38



Solution

Centre-of-mass coordinate system:

x⃗1 =
[ r
2 cos(ωt), r2 sin(ωt)

]
= −x⃗2∫

y1 y1 ρ(t , y⃗) d3y = m1
r2

4 cos2(ωt) +m2
r2

4 cos2(ωt) = Mr2

4 cos2(ωt)∫
y i y j ρ(t , y⃗) d3y =

Mr2

4

(
cos2(ωt) cos(ωt) sin(ωt)

cos(ωt) sin(ωt) sin2(ωt)

)

=
Mr2

8

(
1+ cos(2ωt) sin(2ωt)
sin(2ωt) 1− cos(2ωt)

)

h̄ij(t , x⃗) = −G
c4
Mr2ω2

|⃗x|

(
cos(2ωt ′) sin(2ωt ′)
sin(2ωt ′) − cos(2ωt ′)

)
, t ′ = t − |⃗x|

FRANK OHME 15/38



Solution

Centre-of-mass coordinate system:

x⃗1 =
[ r
2 cos(ωt), r2 sin(ωt)

]
= −x⃗2∫

y1 y1 ρ(t , y⃗) d3y = m1
r2

4 cos2(ωt) +m2
r2

4 cos2(ωt) = Mr2

4 cos2(ωt)∫
y i y j ρ(t , y⃗) d3y =

Mr2

4

(
cos2(ωt) cos(ωt) sin(ωt)

cos(ωt) sin(ωt) sin2(ωt)

)

=
Mr2

8

(
1+ cos(2ωt) sin(2ωt)
sin(2ωt) 1− cos(2ωt)

)

h̄ij(t , x⃗) = −G
c4
Mr2ω2

|⃗x|

(
cos(2ωt ′) sin(2ωt ′)
sin(2ωt ′) − cos(2ωt ′)

)
, t ′ = t − |⃗x|

FRANK OHME 15/38



Solution

Centre-of-mass coordinate system:

x⃗1 =
[ r
2 cos(ωt), r2 sin(ωt)

]
= −x⃗2∫

y1 y1 ρ(t , y⃗) d3y = m1
r2

4 cos2(ωt) +m2
r2

4 cos2(ωt) = Mr2

4 cos2(ωt)∫
y i y j ρ(t , y⃗) d3y =

Mr2

4

(
cos2(ωt) cos(ωt) sin(ωt)

cos(ωt) sin(ωt) sin2(ωt)

)

=
Mr2

8

(
1+ cos(2ωt) sin(2ωt)
sin(2ωt) 1− cos(2ωt)

)

h̄ij(t , x⃗) = −G
c4
Mr2ω2

|⃗x|

(
cos(2ωt ′) sin(2ωt ′)
sin(2ωt ′) − cos(2ωt ′)

)
, t ′ = t − |⃗x|

FRANK OHME 15/38



Compact Binaries

What we learned
▶ Amplitude scales with G

c4
Mr2ω2

D
, frequency goes as 2ω

▶ Order of magnitude: Gc−4 ≈ 10−44s2/(kgm) ≈ 5× 10−20 Mpc
M⊙ c2

▶ Unequal masses:M 7→ 4µ = 4m1m2/M
▶ separation r and orbital frequency ω not independent

Kepler’s law: ω2 =
GM
r3

▶ 4 scales of the binary:m1,m2,D, r
▶ Eccentric systemsmore complex
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Observational evidence

Hulse-Taylor pulsar 1978, Nobel prize 1993

▶ m1 = 1.441M⊙

▶ m2 = 1.387M⊙

⇒ M = 2.828M⊙

▶ D ≈ 6.4Mpc

▶ P ≈ 7.75 hr

⇒ ωorb ≈ 2.25×10−4 s−1

▶ r ∼ 106 km

⇒ h ∼ O(10−26)

[for comparison (inmetres): Carbon atom radius
O(10−10), proton radiusO(10−15), earth-moonO(108),

earth-sunO(1011)]
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Laser Interferometer Gravitational-wave Observatory
(LIGO)



Most precise lengthmeasurements

Laser

Power recycling

End test mass

End test massInput test masses

Beam splitter

Photo detector

40W

750 kW

750 kW
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Virtual Tour through LIGO

Laser

Power recycling

End test mass

End test massInput test masses

Beam splitter

Photo detector
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Impressions
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A Global Network

LIGO Hanford

LIGO Livingston

VIRGO

GEO600 KAGRA

LIGO India
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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
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