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WHAT ARE THE GRAVITATIONAL WAVES

* Ripples of Spacetime Curvature

&nG
* Ppropagate with the Speed of Light R w %Rﬁ pv + /\j w = TPV
* Interact WEAKLY with Matter
« Every Variation of the Gravitational Field
Produces GWs
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WHAT ARE GRAVITATIONAL WAVES

They produce tidal deformations on massive bodies.
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... and deform periodically
the spacetime geometry
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Gravitational vs Electromagnetic Waves

+*EM waves are radiated by individual particles, GWs are due to non-spherical bulk motion of

matter.
» The information carried by EM waves is stochastic in natt
currents. Morale
“»The EM waves will have been scattered many tim GWS carry information which would be
matter and arrive at the Earth in pristine conditio difficult to get by other means

» Therefore, GWSs can be used to probe regions of space triat are Updque (U EIVI Waves.

s*Standard astronomy is based on deep imaging of small fields of view, while GW detectors cover
virtually the entire sky.

*+*EM radiation has a wavelength smaller than the size of the emitter, while the wavelength of a
GW is usually larger than the size of the source.

» Therefore, we cannot use GW data to create an image of the source.

> GW observations are more like audio than visual _

**Neutrinos: are more like EM waves than GW in most respects, except...

» Propagate through most things like GW, so you can see dense centers
> But neutron stars don’t generate so many v after first few minutes.
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GRAVITATIONAL WAVE DETECTORS

Rainer Weiss

Roland Drever




THE FLAGSHIP DETECTORS

LIGO (Livingston) : USA (4km) § UGO Ha?ford) ,: »USi ((4km)
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KAGRA:

Large-scale Cryogen
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Maybe operational in 2019-20
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INDIGO (India-USA) : Similar to existing LIGOs

KAGRA consists of a modified Michelson
interferometer with two 3-km long arms, located in

the ground under Kamioka mine.

The mirrors are cooled down to cryogenic
temperature of -250 Celsius degree (20 Kelvin).
Sapphire is chosen for the material of the mirror.




SENSITIVITY CURVES
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Antenna Pattern of a Laser Interferometer

The strain x(t) measured by a detector is mainly dominated by noise n(t), such that even in the
presence of a signal h(t) we have

x(t)=n(t)+h() where h(t)=F (t;w)h, (t; )+ E (t;W)h (t;¥)

F. and F, are the strain antenna patterns. They depend on the orientation of the detector and
source and on the polarization of the waves
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=> More like a microphone than a telescope
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Operational
Under Construction

Planned
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THE GLOBAL NETWORK
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WHY SO MANY?

LA Dty ‘m'i'r,
l\\\\z -
LIGO | ERROR IN POSITIONING THE LIGO |
SOURCE LIGO Il
LIGO Il
VIRGO VIRGO
INDIGO

v' Confidently detect & locate the sources of GWs

v The detection delay (~10 milliseconds) between LIGOs, Virgo, KAGRA, IntiGO will help pinpoint
the sky location of the GW source.

v’ Sort out candidate GW events that are caused by local sources.
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WHY SO MANY?

Virgo Helps Localize Gravitational-Wave Signals.

GW170104

LVT151012

GW151226

GW170817

GW150914

GW170814

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)
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Positioning the Source (GW20170814)

1160 degz In the direction of Eridanus constellation

!

Rapid LIGOLlocalization S ™

Rapid LIGO and Virgo localization ~ ;
R :'V_Ref‘in'e'd localization - /o -
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Neufron §Ear W|ergers

Positioning the source
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Einstein Telescope

Netherlands, Germany, Poland, Russia, UK
Italy, France, Hungary

16.10.2019 GTR




18.04.2019

Cosmic Explorer (2030+)

A 40 km long detector, 10 times longer than Adv. LIGO, is well suited to detecting signals:
-- From binary NS systems and core-collapse supernovae up to 4 kHz in frequency.

-- This length also provides sensitivity sufficient to detect binary black holes from anywhere
in the Universe (up to redshift of roughly 100).

Cosmic Explorer

a next generation gravitational wave detector

L-shaped geometry and houses a single interferometer.

Exploring the sensitivity of next generation

gravitational wave detectors
B P Abbott et al 2017 CQG. 34 044001

102 e

Cosmic Explorer (expected R&D improvements)
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=== Quantum
m— Seismic
=== Newtonian

=== Coating Brownian
Coating Thermo-optic
Substrate Brownian
Excess Gas

== Total noise

=== Suspension Thermal ]

10’ 102
Frequency [HZz]

Frequency-dependent responses in third generation gravitational-wave detectors
Essick, Vitale, Evans PRD 96, 084004 (2017)

Theoretical physics implications of gravitational wave observation with future detectors

Chamberlain and Yunes PRD 96,

HEP-2019

084039 (2017)
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LISA: THE SPACE DETECTOR
(January 2017)

LISA

Laser Interferometer Space Antenna

1 AU (150 million km)

Sun

.k\ ' § Sun p' )

A proposal in response to the ESA call for L3 mission concepts

Lead Proposer
Prof. Dr. Karsten Danzmann
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eLISA: Pathfinder

LISA Pathfinder is the precursor mission for all LISA-like missions.

LPF was launched in December 2015.

16.10.2019

LISA Pathfinder (LPF) placed two test
masses in a nearly perfect gravitational
free-fall, controlled and measured their
relative motion with unprecedented
accuracy.

LISA Pathfinder technologies are not
only essential for eLISA, they also lie at
the heart of any future space-based test
of Einstein's General Relativity.

GTR
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7th of June 2016 :

LISA pathfinder Exceeds expectations
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This residual relative acceleration of the two test masses on LISA Pathfinder as a function of frequency.

GTR
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GRAVITATIONAL WAVES: PRIMER

* Length Variation AV

 Amplitude

* Luminosity

BLACK HOLES:
NEUTRON STARS:
WHITE DWREFS:
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COALESCING BINARY NEUTRON STARS




The «MUSIC» of BLACK HOLES

Large black hole Steve Drasco
shown to scale ) Cal Poly, San Luis Obispo
3,000,000 solar masses - - Albert Einstein Institute
90% maximal spin ' ; : California Institute of Technology

Small black hole
shown enlarged
270 solar masses
negligible spin

Trace duration
1 day
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COLLIDING GALAXIES




COLLIDING GALAXIES
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SIGNAL from BINARIES: PRIMER

M. = (mymy)3/3 Chi
c (m, + m2)1/5 iIrp mass
Y
h = EMC AMPLITUDE
f = f5/3MC_1/3 Chirp

M, =~ (f—11/3f)3/5= f—11/5f§/5 Chirp mass

1/ f 1
D~ E(fé) = EMCS/3(f)2/3 DISTANCE

V& f1/3M1/3 VELOCITY

m; +m,

TI -
2
16.10.2019 (m1 +m, ) GTR

Gravitational Wave Strain
I

000000

Mass 1 = 35 M,
Mass 2 = 35 Mg




TEMPLATES for GWs from BBH coalescence

022

o IBBH Ringdown
(Perturbation theory)

012 k

Inspiral (PN methods) ‘ & . 0.02

o / k -0.08

A ;
+10°21- e’ ;
/\VA !\ /\ /\ /\ A[\ P ﬂ A ‘\ AV’\V — _0.28 _ plunge ONM -
VVVVYY U / JV\ \] v time 3 inspiral merger  ringdowy

h(t)

-038 |

~102'-

Merger: highly nonlinear 048500 100 0 100

dynamics. (Numerical Relativity) /M

The black-hole «ringing» is its swan song sz(o,37+0,19a)z12kHZ(M® )
M M

T =~ M(1.48+2.09a) = 0.05ms [Mﬂl

O
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THE INSPIRAL SIGNAL

Orbital phase at the 3.5PN approximation
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* T. Damour, G. Schaefer, L. Blanchet, C.M. Will
* B.R.lyer, E. Poisson, P. Jaranowski,...
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A catalog of 171 high-quality binary black-hole simulations for gravitational-wave
astronomy [arXiv: 1304.6077]

Abdul H. Mroué,! Mark A. Scheel,? Béla Szilagyi,2 Harald P. Pfeiffer,! Michael Boyle,® Daniel A. Hemberger,*
Lawrence E. Kidder,® Geoffrey Lovelace,*? Sergei Ossokine,!*® Nicholas W. Taylor,”> Aml Zenginoglu,? Luisa
T. Buchman,? Tony Chu,! Evan Foley,! Matthew Giesler,® Robert Owen,® and Saul A. Teukolsky®
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FIG. 3: Waveforms from all simulations in the catalog. Shown here are h, (blue) and h, (red) in a sky direction parallel to
the initial orbital plane of each simulation. All plots have the Séi_ll%c horizontal scale, with each tick representing a time interval

of 2000M, where M is the total mass.
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Possible First Source:
Binary Black Hole Coalescence

10Mg + 10 Mg 0,
BH/BH binary !

Event rates based on
population synthesis

D/ra/ Tirsty

merger

Mostly globular cluster
binaries.

Totally (EM) quiet!!

N
w

Strain h(f) , Hz_l/2

10723| a1y . Rate: 2/mo to 10/day

merger

10241 Second gen

10 20 50 100 200 500 1000
frequency, Hz
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Tidal interactions affect the last part of the inspiral, modifying the orbital motion and the GW emission.

16.10.2019

1/2

n(f) and 2(f |~ )
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Neutron Star

Viergers

Tidal Interaction

f (H2)

GTR

NS-NS BH-BH
merger merger:
AdvancedLIGO
Einstein Telescope
10 50 100 500 1000 5000
100 Mpc courtesy of Jocelyn Read
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Prediction for the current Event Rate

Abadie et al 2010: arXiv: 1003.2480 @ Design Sensitivity
IFO Source Nlow ]Vhigh

NS-NS 2% 10~4 0.2
Initial NS-BH 7x107° 0.1
BH-BH 2 x 104 0.5

NS-NS .
Advanced NS-BH 0.2 300
BH-BH 0.4 100

“Realistic” rates expected at ~ a few tens per year

From V. Kalogera



THE EVENT: 14/9/2015 (09:50:45 UT)
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Inspiral Merger Ring-
down

(j BXT

_ T

— Numerical relativity
I Reconstructed (template)
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~ WHAT HAPPENED 1.3 BILLION‘YEARS AGO . . .
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WHAT DID THEY OBSERVE?

M, 13613 Mg
M, : 2977 Mg
S/N : ~24
Spin : 0.67

Final Mass :62%; Mg

Distance : 4101180 Mpc
~1.3 x 109 light years

Redshift : z~0.0973:93

16.10.2019 GTR

Hanford, Washington (H1)

| == H1 observed|

| | |

GW150914

Livingston, Louisiana (L1)

H = |1 observed —

H1 observed (shifted, inverted)
1 1
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SIGNAL ANALYSIS

MERGER rveing & few~35 Hz
INSPIRAL
/ \ / i fGWNlSO HZ
] z / ] T ° 8 orbl.tal rotations
5 1 | * Duration ~0.23-0.25 sec
2l 205
& C

250 |
200 This is the first direct detection of gravitational waves
fé and the first observation of a binary black hole merger.
O
= 100} 4
NOT ONLY!

THIS IS THE FIRST DIRECT DISCOVERY OF BLACK HOLES

-0.20 -0.15 -0.10 -0.05 0.00

Time (seconds)
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* Quite good agreement with the event rate
* First detection of binary black-hole systems
* Larger than expected black-holes !

e Estimation of masses before and after merger
* Total energy emitted ~3 solar masses
* Peak luminosity 3.6x10°° erg/sec
* Equivalent to 200 solar masses/ sec
* 50 higher than the luminosity of the whole universe
* «Graviton mass» if exists should be smaller than: m<1.2x 10*> eV/c?

* The final “ringing” (quasi-normal mode) in agreement with the ringing of a
Kerr black-hole.
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ALL FINDINGS ARE
IN GOOD AGREEMENT
WITH
GENERAL THEORY OF RELATIVITY
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The NEXT SOURCE: Neutron Star Binaries

The 2"9 most
promising and
exciting source:

Rezzolla etal



Binary Neutron Star Mergers

The typical scenario

I. After the merging the final body most probably
will be a supramassive NS (2.5-3 Mg)

k]

&

Il. The body will be differentially rotating

t = 24.63 [ms|

lll. This phase will last only a few tenths of msecs
and can potentially provide information for the 0
Equation of State. "

y [km]

—-40 =20 0 20 40

0 2 2 —-40 -20 0 20 40
x [km] x [km] x [km|

Radice, Rezzolla, Galeazzi 2015

I. The “averaged” magnetic field will amplified due to MRI (up to 3-4 orders of magnitude)

Il. The strong magnetic field and the emission of GWs will drain rotational energy
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Neutron Star Mergers

Sequence of Events

12:41:04 UTC A Gravitational Wave from binary NS merger is detected

+2 sec A Short Gamma ray burst is detected

GW + EM from the same source provide compelling evidence that GWs travel with the
speed of light

The two events allow for the measure of the expansion rate of the Universe

Kilonova: neutron star mergers responsible for the production of heavy elements in the
universe.

+10 h 52 min A new bright source of optical light is detected in a galaxy called NGC 4993
(constellation of Hydra)

+11 h 36 min Infrared emission observed
+15 h Bright ultraviolet emission detected
+9 days X-ray emission detected

+16 days Radio emission detected
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Neutron Star Mergers

Alchemy or Heavy Element Production

) maas Big | - Dying Exploding Mifaiiiaad

A total of 16,000 times the mass of the Earth in heavy elements is believed to have formed,
including apprommately 10 Earth masses just of the two elements gold and platmum

T EEEE h < | 18
Na Mg frsion neutron warts AI i B s wli AT
11 12 14 15 16 17 18
K Ca Sc Ti V Cr Mh Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 22 24 25 26 27 28 29 30 31 32 33 34 35 36
F;b ﬁﬁﬁﬁﬁ%mlﬁ Fj:.l Rh qu Ag nGdn |n %a;_ Ss1b &;?n 5|3 Xe
Cs Ba. ..hlf..: Ta W. Re Os Ir Pt Au LHQ:_::.-TL::.Eb Bi... iR @ st R n
55" g S{CEYY FESLINTH FRP0| Y RS Toe] RO e I T80 e 83 (84 |85 (86
FrRa b_|\

87 88 1.Lm£m£m '‘Nd. Pm Sm Eu Gd Tb Dy Ho Er Tm ‘Yb Lu
59°" ['60°" e 1627 163" 64 66 67 68 69 70
Ac Th Pa U Np Pu
pentes - 90 SHES 92 iHa

Light emitted after a neutron star collision showed signs of heavy elements present in the aftermath,
confirming that certain elements (purple) are produced in such mergers
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I"G Cafalog OI GUU EVGHES

01 & 02 Runs

LIGO/Virgo release first catalog of gravitational-wave events




'Re Cafalog of GW Events

1st & 2"d Run

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1  HLGO @/VR® # egraia

GW150914 GW151012 \/\M/VW\/AW

'

GW170729 ’ GW170809 & GW170814

“U”l _— ! ~ AN N N ANLAINNTAN
mm.l ' '

GW170818 i GW170823 | “r GW170817 : BINAR\; NEUTRON STAR

1 1 1 . 1
0.2 0.3 . 0.1 0.2 0.3 0.4 20

TIME [SECONDS] TIME [SECONDS] TIME [SECONDS]

FREQUENCY [HZ]
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GW170608

FREQUENCY [HZ]

LIGO-VIRGO DATA: HTTPS://DOIL.ORG/10.7935/82H3-HH23 I WAVELET (UNMODELED) I EINSTEIN'S THEORY S. GHONGE, K. JANI | GEORGIA TECH




THE “STORY” OF THE UNIVERSE...

HISTORYOFTHEFEF | INIVERSF

Accelerators

...WAS ALWAYS VIOLENT

¢,

VIOLENT PHENOMENA ASSOCIATED
WITH THE EMISSION OF
GRAVITATIONAL WAVES

|Inflation

Od
@

€

@
5 N d ?
€ ¢
W3O4 SNOF1DNN

BT BLYW RVG 3

t = Time (seconds, years)
E = Energy (GeV)
Ke

quark

neutrino
gluon

bosons
electron

meson
muon

)
- aryon
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Dark energy
accelerated
expansion

Structure

Cosmic Microwave .
formation

Background radiation
is visible

~ WYO4 I3TONN

.°~ atom
,\1’ photon wgloc;;k

w galaxy

Particle Data Group, LBNL © 2014 Supported by DOE
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MAIN SOURCES for LIGO

BH and NS Binaries Supernovae, BH/NS formation

BLACK HOLES: M/R=0.5
NEUTRON STARS: M/R~0.2
WHITE DWRFS: M/R~104

Spinning neutron stars in X-ray binaries

Neutron Stars:

Instabilities, Deformations
16.10.2019 GTR 60



MAIN SOURCES for eLISA

Galactic Binaries

including future
type Ia supernovae

bjects Orbiting

What Powered the Big Bang?

Gravitational Waves can Escape from
Earliest Moments of the Big Bang

S Inflation
. G (Big Bang plus 10-35 seconds?)
Big Bang plus Qm:

10-43 n A
=2 Eeanns Cosmic microwave background,
distorted by seeds of structure
and gravitational waves

Big Bang plus
300,000 Years

. S N gravitational waves
For ation of Fluctuations from
Massive Black Holes, Early Universe,

cor uclei, before recombination H
formed before most stars formed 3° background Big Bang plus

15 Billion Years
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe

4

A

Binary Supermassive Black
Holes in galactic nuclei

v < >
8 Compact Binaries in our
= ) Galaxy & beyond X
O < >
v Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes & >
wave period age of - g
i universe years hours sec ms
| I I I
log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0 +2
—> —> < —P - >
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers interferometers

polarization

Detectors

GTR
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SCIENCE OBJECTIVES

Cosmology: Exploring black hole Fundamental physics: Testing gravity
seeds with black holes

The origin and evolution of BHs that seem to Nearly a hundred years after its formulation,
populate galactic cores is one of the GR continues to be the preferred theory of
unsolved problems in modern cosmology. gravity. However, the theory is yet to be

tested in strong gravitational fields that
occur in the vicinity of BH horizons.
Cosmography: Measuring the Universe Gravitational wave observations of compact
with standard sirens binaries could facilitate many such tests
One of the most spectacular aspects of compact
binary signals is that their amplitude is
completely determined by GR, without the need
for any complicated astrophysical modelling of
their environments.
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SCIENCE OBJECTIVES

Astrophysics: Catching supernovae in Nuclear Physics: Probing neutron star
their act cores

It is expected that the gravitational collapse Neutron star cores are laboratories of extreme
and the ensuing explosion can be fully conditions of density, gravity and magnetic
understood only by studying the deep fields. The structure and composition of NS cores
interiors of the proto-neutron star that forms have largely remained unresolved even half-

in the process, which is inaccessible to century after pulsars were first discovered. Their
electromagnetic observations. cores could be host to unknown physics and
Modelling SNe involves inputs from might be composed of quark-gluon plasma,
almost all branches of physics and current hyperons or other exotica.

simulations of the process are far from
complete.
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Some Interesting Astrophysics

Masses in the Stellar Graveyard
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Confronting GR with Observations

The nature of gravity in the strong-field limit is so far largely unconstrained, leaving open several
outstanding questions.

Does gravity travel at the speed of light? YES
»Does the graviton have mass? NO

How does gravitational information propagate: Are there more than two Most probably NOT

transverse modes of propagation (polarization)

Does gravity couple to other dynamical fields, e.g., massless or massive scalars? ?

What is the structure of spacetime just outside astrophysical black holes? ?

Do their spacetimes contain horizons? Maybe

Are astrophysical black holes described by the Kerr metric, as predicted by GR? | Most probably YES




Pulsar Tj\ming Arrays (10-4000 uHz)
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Pulsar Timing Arrays
10-1000 uHz

A different approach to detecting GWs is used by pulsar timing
arrays, such as the
e European Pulsar Timing Array (EPTA)

* North American Nanohertz Observatory for GW (NANOGrav)
* Parkes Pulsar Timing Array (PPTA)

Available pulsar data have already placed limit of about h<10-13
on the amplitude of such low-frequency GWs

* These projects propose to detect GWs by looking at the effect these waves have on the incoming signals
from an array of 20-50 well-known millisecond pulsars.

* As a GW passing through the Earth contracts space in one direction and expands space in another, the
times of arrival of pulsar signals from those directions are shifted correspondingly.

* By studying a fixed set of pulsars across the sky, these arrays should be able to detect gravitational waves
in the nanohertz range.

* Such signals are expected to be emitted by pairs of merging supermassive black holes.
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THE GRAVITATIONAL WAVE SPECTRUM
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THANK YOU
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BLACK-HOLE & NEUTRON STAR

COLLISIONS WERE EXPECTED
IS THERE ANYTHING ELSE OUT THERE?

THE DETECTION OF GRAVITATIONAL
WAVES OPENED A NEW WINDOWIN TO
THE UNIVERSE




