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2017 Nobel Prize in Physics

"for decisive contributions to the LIGO detector and 
the observation of gravitational waves".
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Credits: Martin Hendry
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How can we observe sources?

• For the majority of sources, some knowledge of the nature of 
the source is required for detection of a signal

• Matched filtering will be the primary tool for extracting tiny, 
quasi-periodic signals from the data stream

• Techniques such as the excess power method can be used for • Techniques such as the excess power method can be used for 
other sources, or if less is known about the exact nature of the 
source

Eventually the most interesting road to discover NEW 
unexpected sources

i.e. we need to understand the detector’s noise perfectly
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Search of compact binary coalescence

BH-BH 

Source

Produces a signal

Hidden in the detector noise

“Chirp” waveform

h

Matched template
filtering
(optimal Wiener filter) 
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template

Credits: David Reitze 



Gravitational wave sources

different frequencies, different temporal patterns, 
different data analysis methods:

• inspiraling sources: compact binary systems 
(NS-NS, NS-BH, BH-BH )

Image credit: W. Benger

Black Hole Merger and 
Ringdown

Supernovae

• burst sources: supernovae, collisions, 
black hole formations,  gamma ray bursts…
cosmic strings cusps

• periodic sources: 
rotating stars (pulsars), small „mountains”, 
non-uniform density , dynamical instabilities

• stochastic sources: early universe, unresolved sources...

Neutron Star Formation

Image credit: NASA
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GW generation is effective 
for the systems with characteristic:  
dimensions of order  rs
velocities of order  c
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Other parametrization:
very strong dependence 
on the compactness

Kepler’s 
3rd law 
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Upper bound for the frequency

1 M0 104  Hz (10 kHz) NS
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Kepler’s 
3rd law 
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10 M0 103  Hz (1 kHz) 

100 M0 102  Hz (0.1 kHz) 

103 M0 10 Hz

106 M0 10-2  Hz (10 mHz)

109 M0 10-5  Hz (10 �Hz)

stellar mass BH

intermediate mass BH
IMBH  (in globular clusters)

supermassive BH
SMBH  (in centers of galaxies)

LIGO band 10 Hz – 100 kHz



Gravitational wave sources

different frequencies, different temporal patterns, 
different data analysis methods:

• inspiraling sources: compact binary systems 
(NS-NS, NS-BH, BH-BH )

Image credit: W. Benger

Black Hole Merger and 
Ringdown

Supernovae

exceptional

• burst sources: supernovae, collisions, 
black hole formations,  (long) gamma ray bursts…
cosmic strings cusps

• periodic sources: 
rotating stars (pulsars), small „mountains”, 
non-uniform density , dynamical instabilities

• stochastic sources: early universe, unresolved sources...

Neutron Star Formation

Image credit: NASA
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The idea of  „standard  sirens”

Measure the strain h(t)
and frequency drift df/dt

2 equations for 2 unknowns: 

B. Schutz 1986
B.Schutz, A. Królak 1987
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2 equations for 2 unknowns: 
„chirp mass” M  &  distance D 
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The distance inferred is the luminosty distance             DL = (1+z) D
Unfortunately redshift cannot be easily measured !

cc MzM )1( 



Advanced LIGO 
• A complete redesign and rebuild of the LIGO 

interferometers
– 10x more sensitive, 1000x more of the universe probed

• A discovery machine - expect 10s of 
detections per year at design sensitivity for 
binary neutron stars

• An astronomical observatory – gravitational 
waveforms encode information about the 
dynamics of cataclysmic events 

– Reveals the universe in ways that electromagnetic 

Comparison: For NS-NS systems –
• O(100) galaxies in initial LIGO 

range
• O(100,000) galaxies in 

Advanced LIGO range

Slide: M. Evans

– Reveals the universe in ways that electromagnetic 
astronomy cannot!

Initial LIGO Advanced LIGO
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GW150914
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+ LVT 151012  !



Niecierpliwie czekano 
na uruchomienie 
Virgo !

Poor localization for LIGO alone
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VIRGO joined 

01.08.2017 at 10 UCT 
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GW 170817 – New era of multimessenger astronomy
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GW170817 –
new dimension of multimessenger 
astronomy 

On August 17 2017 at 12:41:04 UTC 
Advanced LIGO/Virgo detectors registered  
for the first time NS-NS coalescence signal

Electromagnetic counterpart signal registered also
•in gamma-rays (Fermi gamma-ray Space Telescope NASA)
1.7 s after coalescence
• X-rays

NGC 4993

• X-rays
•in optical 
•infrared

•5 papers in Nature 
•dedicated issue of the ApJ
•more than 100 papers released 
Oct. 17
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Joint 
multi-messenger
detection of 
GW170817
and
GRB170817A

This single detection
allowed us to test:

•Theory of gravity

•Theory of NS (E.O.S.)
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•Theory of NS (E.O.S.)

•Theory of gamma-ray bursts

•Nucleosynthesis of elements
heavier than Fe

•Determine the Hubble
constant



20LCO – Las Cumbres Observatory; CTIO – Cerro Tololo Inter-American 
Observatory



Spectroscopic
evolution of the KN 
optical counterpart
– from blue to red
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BB 
fits



KN models predict
opacity driven by 
r-processes elements:

Sensitive to 
lanthanides/actinides
abundance

22

abundance
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Einstein Telescope
 Increased sensitivity

great expectations

 Big catalogs of inspiral events at
cosmological distances

103  - 108  events per yr
distances up to 2 Gpc (z=17)

Some of them would be 

ET Design Study：

Some of them would be 
gravitationally lensed
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Discussed in papers

X. Ding et al. JCAP12(2015)006

A. Piórkowska et al. JCAP10(2013)022

M. Biesiada et al. JCAP10(2014)080
26

50 – 100 lensed events per yr



Benefits from just a dozen of lensed 
EM + GW signals
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Interesting application of lensed GW signals
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Classically GW propagates with the speed of light c, but in some theories of 
modified gravity it can propagate with vGW different from c

In a strongly lensed event time delays between images in GW 
and in EM would be different.

General Idea

time delay in EM

timing accuracy



General bound:

timing accuracy
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time delay in EM



Long searched-for Quantum Gravity is often expected to provide 
„foamy space-time” at short distances

i.e. a possible breakdown of Lorentz invariance could be expected

The simplest manifestation of QG phenomenology – energy 
dependent 
relativistic  dispersion relation, e.g.

for photons

Lorentz Invariance Violating theories

for photons

for massive particles

„sign parameter” 
„Quantum Gravity”
energy scale1



Time of flight approach: (Amelino-Camelia, Ellis, Sarkar, Piran … )
Measure energy dependent time delays from astrophysical sources

bonus: astronomical / cosmological distances compensate for weakness of 
the LIV effect – time delay is a cumulative (integral) effect

problems: intrinsic E-dependent time delays in emission, transparency of the
Universe to high E photons

sources:

Blazars (BL Lac AGNs) 
– e.g. Mkn 501 –
20 TeV photons detected20 TeV photons detected
(rather close extragalactic sources)

Gamma Ray Bursts –
highly energetic events,
TeV photons and neutrinos expected
to be produced
(visible from much higher distances) 
0.5< z  <6  cosmological background
has to be taken into account



How to get rid of intrinsic time lags ?



Observing time delays between images in two energy bands

low-energy (classic) vs. VHE photons, 

we would see a difference in time delays

Advantages:

•it gets rid of the intrinsic time delay effect (differential setting)

•it could be assessed in two completely independent (although coordinated !)
observational campaigns – one at low energy and the other at high energy



Conclusion:

Era of GW astronomy has begun

This creates great opportunities for 
multimessenger astronomy
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New perspectives for gravitational lensing

Stay tuned !
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