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We have detected 
GRAVITATIONAL WAVES !

We did it !
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Who is WE ?  paper has 1004 authors

Phys. Rev. Lett. 116, 061102



The advanced GW Network

Advanced Virgo
2016

Advanced LIGO 
Hanford, 2015

Advanced LIGO 
Livingston, 2015

Advanced LIGO
INDIA, 2014

KAGRA 2018 

GEO600, 2011
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Propagating Gravitational Waves

 Transversal waves in space-time travelling @ 
speed of light 

Credit: ESA–C.Carreau



Effect of a GW
on an interferometer 

of 4km length

h =



Sensitivity improvement eLIGO <-> aLIGO
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THE Detection
GW150914

14. September 2015 
09:50:45 UTC 
= 11:50:45 CEST

Detection of a 
transient signal in 
both
advanced LIGO
detectors

“Observation of
Gravitational Waves 
from a 
Binary Black Hole 
Merger”
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GW150914 = Binary BH
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Large template bank to 
determine parameters
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Two black holes with 29 and 36 solar masses
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Phys. Rev. Lett. 116, 061102



The most powerful event ever “seen”

 Before: two BHs (29 M⊙ + 36 M⊙ = 65 M⊙)
 After: One BH (62 M⊙)
 Within 0.2 sec 2 M⊙

were radiated off in GWs
= 4 × 1030 kg (E=M c2)

 3.5 × 1056 erg / s
= 3.5 × 1049 W

 50x as much as all stars
in the universe together
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GW150914






There were more Signals in O1
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arXiv:1606.04856 and acc. by Phys. Rev. X; 
Binary Black Hole Mergers in the first 

Advanced LIGO Observing Run



Discovery Timeline O1

Courtesy Caltech/MIT/LIGO Laboratory
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“The 
Three
Signals”

arXiv:1606.04856

journals.aps.org/prl/abstract/10.1103/
PhysRevLett.116.241103,
arxiv.org/abs/1606.04856 
(accepted to PRX))



Know Stellar-Mass 
Black Holes  - August 2016



Statistics GW150914 & GW151226
• False alarm rate > 1.6 My
• Significance > 5.3 σ
• False Alarm Probability  = 7.5x 10-8

Ca. 48 d coincident time (after cleaning, vetoeing and min. lock duration 
filter) With 0.1 s time shift background analysis  1.6My equiv. data

arXiv:1606.04856
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Sky Localisation

Image credit: LIGO (Leo Singer) /Milky Way image (Axel Mellinger)



The advanced GW Network

Advanced Virgo
2016

Advanced LIGO 
Hanford, 2015

Advanced LIGO 
Livingston, 2015

Advanced LIGO
INDIA, 2014

KAGRA 2018 

GEO600, 2011



How far away was GW150914? 

 1.3 billion light years away
 The merger happened 1.3 Gy ago
 How do we know?
 Time evolution  mass of the objects
 mass + time evolution  GW amplitude @ origin
 h(r) = h0 /r 
 h@earth = hobserved distance
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EM Follow-up observations
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THE ASTROPHYSICAL JOURNAL LETTERS, 826:L13, 2016 JULY 20

Preliminary estimates of the time, significance, and sky location 
of the event were shared with 63 (80 now) teams of observers
covering radio, optical, near-infrared, X-ray, and gamma-ray 
wavelengths with ground- and space-based facilities
Alerts if FAR> < 1/month



Upgrades  advanced generation

Upgrade Parameter Improvement

More laser power Up to 200 W
800 kW in cavity

Shot noise

Larger Optics ~ 40 kg Less thermal noise

Better optics < 0.25 ppm/cm
< 0.3 nm rms

Less thermal lensing
Less scattered light

Signal Recycling / RSE Chose bandwidth independent
from cavity buildup
Tune centre frequency

Better suspensions
(mainly LIGO)

Seismic isol.
Glas fibres

Low frequency sensitivity
Lower suspension thermal noise

Essentially all subsystems
• Input optics
• Output Mode Cleaner
• Electronics
• Auxiliary optics
• Thermal compensation
• Electrostatic Actuators

Less technical noise

Minor improvements 
O1  O2 (~50% Vol)
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More to come



Detection is just the first step

The goal is
Gravitational Wave Astronomy
→ routinely observing regions and times which are
inaccessible by other messengers
→ add info by combining GW & other messengers

Credit:  universetoday.com



Quantum 
fluctuations in the 

early universe
Ultra massive

BH binaries in galactic centres

Ultra massive
BH swallow stellar objects

Binary systems in the 
milky way

Supernova
explosions

Coalescing Neutron star and 
Black hole systems    

Fast rotating 
neutron stars

Period age of the 
universe years hours minutes seconds

milli-
seconds

Spectrum

Frequency

Detectors

Sources

GW Spectrum



Arm length ~1 Mio km



LISA and LISA Pathfinder

LISA Pathfinder results exceed 
expectations by orders of magnitude



LISA und LISA Pathfinder



A long journey…

…on the path to routine GW astronomy

LIGO Voyager

Cosmic Explorer

O1

KAGRA



Credit: Michele Punturotoday



Einstein Telescope
Conceptual Design 
Study 
• May 2008 – May 2011
• Pan European effort
• Science Team = 

ca. 250 members

3rd Generation Gravitational Wave Observatories

http://www.et-
gw.eu/etdsdocument



Einstein Teleskop

100 – 200m underground



Einstein Telescope





4×1049 J/s peak power of source, 
40 yotta yotta watt.

1×1025 meter distance to source, 
10 yotta meter.

4×103 meter LIGO arm length, 
4 kilometer.

2×100 meter test mass suspension 
length, 2 meter.

1×10-6 meter ground vibration, 1 
micrometer.

1×10-18 meter arm difference at 
peak signal, 1 attometer.

LIGO-G1600792-v1
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