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From Newton to Einstein

, o 5 Einstein’s General Theory of Example: discrepancy in the
Newton’s Law of Gravitation Relativity (1916 advancement of Mercury's

| I I ]
F 1 2 3 A. Einstein, Annalen der Physik, Band 49, 1916 I
pr—— 1916. N T,

],.2 ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 49.

1, Die Grundlage
der allgemeinen Relativititstheorie;
von A. Einstein. 2 1

Die im nachfolgenden dargelegte Theorie bildet die denk- Mercury‘s aphellon 3 - =
bar weitgehéndste Verallgemeinerung der heute allgernein als
,»Relativitdtstheorie bezeichneten Theorie; die letztere nenne 4
1ch im folgenden zur Unterscheidung von der ersteren ,spezielle
Relativititstheorie’ und setze sie als bekannt voraus, Die P,
Verallgemeinerung der Relativitatstheorie wurde sehr er-
leichtert durch die Gestalt, welche der speziellen Relativitéats- 5
theorie durch Minkowski gegeben wurde, welcher Mathe-
matiker zuerst die formale Gleichwertigkeit der rédumlichen -
Koordinaten und der Zeitkoordinate klar erkannte und. fir
den Aufbau der Theorie nutzbar machte. Die fiir die all-
gemeine Relativitdtstheorie nétigen mathematischen Hilfs-
mittel lagen fertig bereit in dem ,,absoluten Differentialkalkiil®, 6
welcher auf den Forschungen von Gauss, Riemann und »
Christoffel iiber nichteuklidische Mannigfaltigkeiten rubt und
von Ricei und Levi-Civita in ein System gebracht und
bereits auf Probleme der theoretischen Physik angewendet
wurde. Ich habe im Abschnitt B der vorliegenden Abhand- 7
lung alle fir uns notigen, bei dem Physiker nicht als bekannt -
vorauszusetzenden mathematischen Hilfsmittel in mdglichst
einfacher und durchsichtiger Weise entwickelt, so daB ein
Studium mathematischer Literatur fiir das Verstindnis der
vorliegenden Abhandlung nicht erforderlich ist. Endlich sei
an dieser Stelle dankbar meines Freundes, des Mathematikers
Grossmann, gedacht, der mir durch seine Hilfe nicht nur
das Studium der einschligigen mathematischen Literatur er-
sparte, sondern mich auch beim Suchen nach den Feldgleichun-
gen der Gravitation unterstiitzte.

Anpnalen der Physik. IV. Folge. 49.

Mercury's
perihelion

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The same law describes the Moon’s
orbit and the phenomenon of an
apple falling on one’s head on the Earth

A. Trovato, May 2021



General relativity and Gravitational waves

e Gravity is the result of spacetime being
distorted

e “Space-time tells matter how to move; matter
tells space-time how to curve”, J. Wheeler

Stress-energy tensor

Einstein tensor G/,ty = 87 GN T,uv of matter fields
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Link to the video: https://www.ligo.caltech.edu/video/ligo20160615v1
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https://www.ligo.caltech.edu/video/ligo20160615v1

Electromagnetic waves vs Gravitational waves

* Dipole EM radiation * No dipole radiation

* two opposing signs of charge g . .
p=) m7, mp p=) mV;=const. mpp =0
i i

p= ZQi7i

* Gravitational radiation is quadrupolar (at leading order)
* Perturbation of mass distribution keeping spherical
symmetry —> no emission of gravitational waves

» Radiated EM power  Radiated GW power
2 2
2 2 d°0.. k
P = 2 X . Z e 0., k = quadrupole moment
3 4repe’ \ dit? "5 ¢S dt’
» WWaves are easy to detect, e WWaves are hard to detect, but pass undisturbed through
but easily blocked anything

A. Trovato, May 2021 4



W larizati
For transverse waves, the polarization specifies the geometrical orientation of the oscillations

Electric Field Gravitational Waves have two polarizations

Electromagnetic Wave

Propagation
Direction

Antenna patterns (depend on the source localization)

A. Trovato, May 2021



Link to the video: https://www.ligo.caltech.edu/video/ligo20160211v6



https://www.ligo.caltech.edu/video/ligo20160211v6

Modified Michelson interferometer

e The Interferometers we need to use are
very complex instruments

Input
Mode
Cleaner

AL ~ hL —___ Length of the

\ Interferometer arms ~ km

Gravitational wave strain

Faraday
100w

Isolator | ' F
1 | h~ 1077

Laser

PRM POP ’ | |
" .
Filtering cavity AL < 1 O_ m

output ({7 — Variation of distance 1/1000th the

Mode Cleaner V\ KX light source

Photodiode ] diameter of a proton!
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Worldwide network of gravitational observatories




centre national
de la recherche
scientifique

Istituto Nazionale
di Fisica Nucleare
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GW expected signals

Inspiral Merger Ring- » Coalescence of compact objects:
Black holes or Neutrons stars
 Modelling requires a combination of
analytic and numerical relativity
* No exact solution for Einstein
equation
* Approximate analytical solutions
 Numerical relativity =» Very

\ computationally expensive = cannot
— Numerical relativity | |
SReconstructed (template) be used to model many orbits

» GWSs are defined by 15-17 parameters
- Black hole separation
=== Black hole relative velocity

(masses, spins, positions, orientations,

)

Separation (Rg)

PRL 116, 061102 (2016)
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BH and NS

Black Hole Neutron star
* A region of spacetime where gravity is so » Extremely dense object which remains after
strong that nothing can scape from it the collapse of a massive star
e Schwarzschild radius (1916)
R="a e

. For M=solar mass, Rs = 3 km!

inner crust 1-2 km

-#—— electrons, neutrons, nuclei

\ outer core ~ 9 km

h‘e‘ut}on-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km

quark gll_uon plasma?

.

M87 seen by Event Horizon R~10 km; M ~ 1.4 solar masses
Telescope

A. Trovato, May 2021
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First direct gravitational wave detection

Hanford, Washington (H1) Livingston, Louisiana (L1)

GW150914

* One century after Einstein
theory!
* Binary black hole (BBH)
 Masses about 30 times
the solar mass

-—= H1 observed

— Numerical relativity — Numerical relativity

Reconstructed (wavelet) Reconstructed (wavelet) - Diameter abOUt 150 km
Reconstructed template) Reconstructed (template)
e Speed ~ ¢/2

e Luminosity distance ~ 400
Mpc

e 3 solar masses emitted In
energy

O N H OO 0
Normalized amplitude

0.30 0.35 0.40 : : : : :
Time (s) i PRL 116, 061102 (2016)
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AWARDED FOR

GRAVITATIONAL
WAVE DETECTION _

Americon, scientists Rainer Weiss,Barry C Barish.and Kip S Thorne 4
from the LIGO/VIRGO collaboration contributed.in gravitatinoal wave | -

N\

2015 They will share the $1.1 million prize money. « <
\ \ "\

space-time crea ed by colliding: Black holes were first detected in

* -Source - nobelprize.org \\\ \ P s tEivw(© @QQXP'OFiSt

\ \ - < & < ¢

det\ection.\P}ed'ﬁ:ted by Albert Einsteifiin. 1916, the< ripples in|

Nobel Prize In
Physics 2017
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GW170817 -

Normalized amplitude
2 2!

LIGO-Hanford

LIGO-Livingston

-20 -10
Time (seconds)

GW170104

et LA
vvvvv

V1151012

N GW151226

GW170817

- GW150914

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)

* Precise sky localisation (thanks to Virgo!) ->
28 deg? -> fundamental for multi-messenger
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GW170817 - part Il

| LIGO - Virgo e ST =il ° Gamma-ray burst (GRB170817A) ~ 1.7 s

| . after the GW merger time
M“l ’S * Around 50 galaxies firstly identified for
) 2 4 é 400 600 1000 2000 follow-up
waveleng (nm » Optical transient in NGC4993 (+10.87 hr,
Swope telescope, Chile)

* unprecedented observational campaign
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frequency (Hz
normalized F,

counts/s (arb. scale)

oA EEEE (. NN - Speed of gravitational waves

Swift, MAXVGSC, NuSTAR, Chandra, INTEGRAL

e Kilonova
uv

Swift, HST

* Only a theory before

Optical ‘
Sy RECOr, LTI EOUR0S2 T2 o, St VST WASTER Mol St Eop STper |  Heavy elements, such as lead and gold,

BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

REM-ROS2Z, VISTA, Gemni-South, 2MASS Spitzer, NTT, GROND, SOAR, NOT, ESO-VLFRanata Tele \
\

Rado * Hubble constant measure

ATCA, VLA,  ASKAP, VLBA, GMRT, MWA, LOFAR, LWA_ATCMA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

-100 -50 050 |
c (8) l‘.| 15




GWTC: Gravitational Waves Transient Catalog - 3

arXiv

t 3 GW detection during O1 r 79 GW detection during O3 1811.12907

2108.01045
t First direct detection of GW b 44 during O3a, including 1 confirmed 2111.03606

} From coalescing binary systems binary system of neutron stars
of black holes b 35 during O3b, including 2 confirmed
systems of neutron stars - black holes

r 8 GW detection during O2 } No electromagnetic counterpart t O4 to start

t 1 coalescing binary in 2022

system of neutron stars: t Planned for
electromagnetic December
counterpart detected

Pm- 02 03aj 03b
| | |

2017 2018 2019 2020 2021 2022

-~ oo & [ @&

90 GW Coalescence of 1 multimessenger Mass range Distance range
detections compact objects event (GW + EM 1.2 = 107 Mo 40 Mpc = 6 Gpc
reported (black holes, observation) (stellar) (z = 0.45)
neutron stars)

Leila Haegel

A. Trovato, May 202§



What happen next?

Updated 02 m=m O3 mm O4 05
16 March 2022

100-140 160-190
Mpc Mpc 240 280 325 Mpc

LIGO C =

80-115
Mpc Mpc

Virgo [ _

0.7 (1-3) ~ 10
Mpc

KAGRA | |

G2002127-v11 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

di Fisica Nucleare

LIGOA+

Einstein Telescope

L / e 2026 - constructions starts

Cosmic Finstein e 2035 - science run

10-25 Explorer Telescope

10 100 1000 . .
Frequency / Hz 10x sensitivity of today’s observatories

A. Trovato, May 2021 17
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3G detectors

Detection horizon for black-hole binaries

Years after the Big Bang

: il i r -
400 thousand [ 0.1 billion 1 billion ! billian [ & billion 13.8 hillion
l == LIGO A+
[ : Voyager
The Big Bang : - : . - . . = B M S
I . '.Emgteln;Telescope -l<..__.|_~i’~ - i | Einstein Telescope
& = . \ | .
I 2 O B\ . I'™ secondlgenerationy 10 100 1000 10000
1 33 ” [ - [ . ' Total source-frame mass / M,
The Dark!‘\ge '?,-g’ T~ | p I ¥ Present day
| 20, : , o _—
== A
| 3 anmt I .
I 26l : [ [
. Reionization . .
Fully ionized @dEutralized : B —= - » Fully ionized : :
l i | - . L%
1000 1bo 10 I !
Credit: ALMA collaboration I 1+Redshift | [
z=100 — GW190521:
L
z=0.82

* Reveal for the first time the complete population of stellar-mass
black holes, starting from an epoch when the universe was still
assembling its first stars

* Investigating the Densest Matter in the Universe

* Exploring the Gravitational Wave Frontier

A. Trovato, May 2021 18



Future Is multi messenger

Gravitational
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Neutriinos
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C‘ GW Open Data Workshop

May 25 - 25, 2022 | https //www gw-opensmence org/odw/ow2022

Receive a crash-course In gravitational wave data analysis!

4 The workshop mcludes lectures by data anaIyS|s experts hand
on experience with software tutorials, and a data challenge
deS|gned to test your new Skl|| N GW data anaIyS|s

| experts will help you with the
| pythan tutorlals
= ‘ B

Join our study hub at the Physics
Department of the University of Trieste!

Contact: Agata Trovato agata.trovatog@’l,lillits.it.

4"..



mailto:agata.trovato@units.it

-Stay tuned: exiting times are
ahead of us!!!

Thanks for your attention



