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Introduction

= Gravitational waves
= Direct observations
= Binary searches

= Neutron star parameters
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Listening
to the cosmic whisper




Ripples in spacetime

= General relativity, connects the curvature of
spacetime with the matter content, its motion
and properties
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= Gravitational waves, change of gravitational ;‘..'"". . -
-

field, ripples of spacetime, propagating with g
the speed of light

= Linear approximation, far from the source
GWs are described as the perturbation of the
flat metric
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Gravitational waves
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= (Gauge fixing, two polarization states
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= QObservation of relative length changes
driven by tidal forces




GW sources

Frequency
- Supernova explosion 1Khz
- Rotating neutron stars 1 ... 10Khz
- Stochastic sources

- Coalescing binaries 200Hz ... 2Khz

Coalescing compact binaries, proved to be significant
sources of GWs, are characterized by well defined
waveforms in their early and late evolution stages
(perturbative description)
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Gravitational waves

WHAT ARE GRAVITATIONAL WAVES?

Gravitational distortion of
space-time occurs when mas-
sive objects such as black holes
collide and merge. The waves
squeeze and stretch space as
they pass, but the effect is sub-
atomically small. (The effect of
stretching due to passing gravi-
tational waves is hugely magni-
fied in the globes at right.)

From NASA’s Astronomy Picture of the Day



Observatories worldwide
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Direct observations - Gw150914, GW151226, GW170104

Hanford, Washington (H1)

H — Numerical relativity -
Recanstructed (wavelet)

s e o) 1 1
[— Residual] 1 , ol
0.30 0.35 0.40 0.45
Time (s)

£
o

o
w

0

o O
o W

Sltrain (107%Y)

Accumulated
SNR
SNR,
- o
NONPBO® OO NSO

w
=

25
12

Frequency (Hz)

3

.0

0o

6
8

64

2

Hanford

1 T Ll T T

R ARAAAAANT j\NWv'W‘N \Wv i \tfr'i I't. wn ",'Ill‘\': ’“I“p

1.0

-0.8

-0.6 =04
Time (s)

=020 00N =

Whitened Strain [10~21]

—0.5

—-1.0

Data Wavelets BBH

_E Hanford r

. -2

s - 0
: - -2
] =
] Livingston L

i} » 2
. -0
] =
_- T T T l T T T 'I T T T l T T T 'l T T T l T T T |-_ _4
0.50 0.52 0.54 0.56 0.58 0.60 0.62

Time from Wed Jan 04 10:11:58 UTC 2017 [s]

Thoise



Direct observations - Gw150914, GW151226, GW170104

GW151226
GW150914 Primary black hole mass 14_2j§_—§’M o
Secondary black hole mass 7. ng_-s? M
Primary black hole mass 36, M, Chirp mass 8.910301
Secondary black hole mass 29::M o Total black hole mass 21.859M
Final black hole mass 62 iM Final black hole mass 20.810 M,

1.050, Mg c?
3.3108 x 10% erg/s

Final black hole spin
Luminosity distance

0 671»3.8; Radiated gravitational-wave energy

Peak luminosity

410518 Mpc

Source redshift z 0.09*3% imal. P e b
uminosity distance r-14-0f190 Mpc
1.00 , : Source redshift z 0.09+003
] GW170104
5 | Primary black hole mass m 31275 M
gl Secondary black hole mass m; 19_4:55_-3M@
g 0.10 ] Chirp mass M 2114 34M
i ] Total mass M 5{}_’?:55ng@
E E Final black hole mass M 4873 M,
= ringdown | Radiated energy E_ 20°08M,c?
Peak luminosity #/peqy 31507 % 10°%rg 7!
Effective inspiral spin parameter y g -0.12:0:
0.01 Final black hole spin ay 0.64:{‘}’_“213
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VS(f) and 2NV (strain/v'Hz)

Direct observations
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Further improvements

= Continuing observations and upgrades

= International efforts for 3" generation detectors
Gravitational Wave International Committee

Observing run Epoch Duration (months) aLIGO sensitivity AdVirgo sensitivity
01 20152016 4 Early —
02 20162017 6 Mid Early
03 20172018 9 Late Mid
04 2019 12 Design Late
05 2020+ - Design Design
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LV collaboration

=  Worldwide network of GW detectors,
collaboration between LIGO and Virgo
since 2007, sharing of data, analysis
methods, computational resources, etc.

LIGO Translent Event Locallzation

= Coincidence measurements, filtering
false signals

= Accurate sky localization

LIGO
Scientific
Collaboration
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Collection of data

Example Inspiral Gravitational Waves with Noise

= determination of h(t) (online): change . .., ' ‘ ‘ ' ‘ g
of the interference pattern s eolphht gl i i Lol i

| | IR
= environmental sensors, signals from = >~ 1

control system

= 20 kHz sampling rate (8 byte float), Picy
transmission of data to computer centers
(IN2P3, CNAF)
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Data Analysis - dedicated algorithms for CBC

generation of GW templates
(few % deviation, large parameter space)

matched filtering
collecting coincident events

v test and further signal-based
filtering

for multiple coincidences further
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Sky localization

8h

= Low latency online search algorithms

= Follow up observations with high energy,
optical, infrared and radio instruments (A A

= For BH sources no EM counterpart is
expected
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Sn(f) and 2(f A )"

NS observations, EM counterpart

Kyutoka etal, 2015
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Waveforms

GW150914
Detection of Gravitational Waves
when Black Holes Collide

= Numerical evolution
e.g. LORENE, KADATH

= GR and hydrodynamics
e.g. Rezzola and Takami, 2016
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Waveforms

= post-Newtonian approximation
Kidder, 1995

Zhang, 2013
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Waveforms

Favata, 2014
= Stationary Phase Approximation

Ro(f) = Af—T/663%z ()

= GW phase
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= NS tidal love number: ~ 200
for black holes: O
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*Primordial gravitational
waves
eInflation

GW astronomy

VLF LF

Pulsar Timing

Space-based
interferometers

—

*Supermassive Black
Hole Binaries
*Cosmic strings

*Stellar mass compact
binaries
*Massive black hole mergers

HF

Ground-based
interferometer:;:

eNeutron star binaries
eBlack hole binaries
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Thank you for your attention !
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