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100-th anniversary of Einstein’s equations
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Aristotle (3s5-322B0)

Aristotle. Metaphysica, Physica, and De Meteoris

® falling bodies: velocity proportional to weight

Note: not so wrong, since bodies are falling in a medium,
and terminal velocity depends on weight

e knows that velocity increases

* no quantitative law



Aristotle (3s5-322B0)

Aristotle. Metaphysica, Physica, and De Meteoris

The works of Aristotle that have survived from antiquity through

medieval manuscript transmission are collected in the Corpus
Aristotelicum.

Physics: a treatise which divides into two main parts, the first an inquiry
into nature (books 1-4) and the second a treatment of motion (books 5-8)

® falling bodies: velocity proportional to weight

Note: not so wrong, since bodies are falling in a medium,
and terminal velocity depends on weight

e knows that velocity increases

* no quantitative law



[ ucretius (c. 99 BC - ¢. 55 BC)

De rerum natura The poem consists of six books, in dactylic hexameters.
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"...wherefore all things carry on through the calm void
moving at equal rate with unequal weights.”



(Galileo (1564 - 1642)
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> all bodies on Earth fall with same acceleration g
(if air neglected)

two spheres
unequal densities




Apollo 15

Launched: 26 July 1971 UT 13:34:00 (09:34:00 a.m. EDT)

Landed on Moon: 30 July 1971 UT 22:16:29 (06:16:29 p.m. EDT)
Landing Site: Hadley Rille/Apennines (26.13 N, 3.63 E)

Returned to Earth: 7 August 1971 UT 20:45:53 (04:45:53 p.m. EDT)

David R. Scott, commander
Alfred M. Worden, command module pilot
James B. Irwin, lunar module pilot

“The feather and the hammer”






Let's try a little experiment
here on Earth...



- PRINCIPLE OF INERTIA

A body moving on a level surface will continue in the same
direction at constant speed unless disturbed

- PRINCIPLE OF RELATIVITY

the laws of physics are the same in any system that is
moving at a constant speed in a straight line
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guantitative study of motion of falling bodies
use of balls rolling on inclined planes

use of water-clocks

real and mental experiments




Mental experiment

ASSUME that heavier bodies fall faster



Then the lighter object retards the fall of the heavier object.



Then the lighter object retards the fall of the heavier object.

> Whole system falls SLOWER



But whole system is heavier then the heavy objecit.
Then according to the assumption it should fall FASTER



CONTRADICTION:

then assumption that heavier bodies fall faster must be FALSE
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Newton (1643 - 1727)

mental
experiment:




F = mortial @ [I-nd law of dynamics

m rav M rav . .
Foraw = G J 7 Law of gravitation

72



= Minertial A

Fgrav

e Mgrav Mgrafv

72

AN

II-nd law of dynamics

Law of gravitation

Newton’s constant
measured by H. Cavendish in 1798:

G ~ 6.674 x 107 N (m/kg)".
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F = mortial @ [I-nd law of dynamics

I3 e Mgrav Mgrav
grav —

; Law of gravitation
,

same g for all falling bodies

> Magrav ™~ Minertial

This is why we can measure mass by weighing it



Newton’s space and time

* absolute inertial reference frame (fixed stars)
e absolute universal time

Newton's bucket experiment

TEE

Mach'’s criticism: reference frame of rotating bucket can be considered
INERTIAL as well, but with centrifugal force produced by rotation of the earth
and other celestial bodies.




Letter of Einstein to Mach (1913)
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Einstein (1879 - 1955)

“The happiest thought of my life”

realizes that an observer in free tall experiences
no gravitational field



Things move the same way in a
gravity field as those in a reference v i
frame accelerating upward with the -
same magnitude. :

because all objects fall
with same acceleration #

oo

- - Things falling freely in a gravity field all accelerate by the same
g ravrty fl e I d — amount, so they move the saane way as if they wLere Inaregon

of zero gravity — ~“wealghtlessness”!
accelerated frame

These images are courtesy of Nick Strobel at www.astronomynotes.com



http://www.astronomynotes.com

>

Gravity is a geometric effect



mass ~ energy

curvature
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1 Sl
Hij + 59i 1 = .

T;.
64

10 nonlinear diff. eq.s

Solutions:

- Schwarzschild : spherically symmetric, non rotating, uncharged massive
object. If density is high enough —> Black hole with central singularity

- Reissner-Nordstrom: charged
- Kerr: rotating

- Friedmann-Lemaitre-Robertson-Walker: cosmological, describes
expansion of universe —> standard cosmological model



Predictions

> anomalous perihelion precession of Mercury

> time runs slower at lower gravitational potential
(used in GPS)

deflection of light, first confirmed by Eddington in 1919.
Gravitational lensing

. gravitational radiation, indirectly confirmed by study of
binary pulsars

. expansion of universe, observed by Hubble in 1929



Detlection of light

T t

zero motion constant velocity acceleration

The path of a light beam in three different types of reference
frames moving with respect to the person ouldfoe the elevator.
The light path shown is what the person /s/de the elevator sees.
Under large acceleration, the beam of light will curve downward.

It should also do that in a region of strong gravity.

gravitational lensing

This image is courtesy of Nick Strobel at www.astronomynotes.com


http://www.astronomynotes.com

Virgo

Dark Energy
Accelerated Expansion
Aflterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

history of the universe

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




Gravity is by far the weakest of t

nature. On molecular or atomi

ne four fundamental forces In
c scale it Is negligible with

respect to nuclea

However, on macroscopic scale

ror e.m. forces

S gravity becomes dominant,

determining our weight, the shape and structure of the Solar

system, of the galaxies

from cosmic scales down to 0.1

~and of the universe

mm gravitational phenomena

are very well described by GR, which reduces to classical
Newton’s theory for velocities << C



- GRis a field theory, as electromagnetism.

- Quantum electrodynamics, developed in the last century,
marries guantum mechanics to Maxwell’s theory, and
describes with extreme precision the interactions of
gquantum matter (for ex. electrons) with quantum light
(photons).

. Its generalization, that includes nuclear and weak forces,
IS the Standard Model of particle physics, precision-
tested at LHC and other laboratories.




STANDARD MODEL

MATTER

qguarks leptons
INTERACTIONS
Electromagnetic: photons g
Strong : gluons
Weak: 20 W+ W-

+ Higgs



/ d
For ex: electromagnetic interaction
Y IS mediated by photons

N

Interaction regions are point-like



STANDARD MODEL

MATTER

qguarks leptons
INTERACTIONS
Electromagnetic: photons g
Strong : gluons
Weak: 20 W+ W-

+ Higgs



STANDARD MODEL

MATTER

qguarks leptons

INTERACTIONS

Electromagnetic: photons g
Strong : gluons

Weak: 29, W+, W
Gravitational: gravitons

+ Higgs



What is the status of quantum general relativity 7
And why should we need it ?



From GR solutions :

—> Universe is microscopic immediately after the Big Bang ,
c.a 13.5 billions of years ago. Then quantum gravity
must affect early evolution. Amplitication (via inflation) of
guantum fluctuations visible in the anisotropies of the
Cosmic Background Radiation (2.725 K)

WMAP




From GR solutions :

Inside black holes: strong gravitational fields on arbitrarily

short distance scales.
—> Need quantum gravity to describe collapsing matter.

Singularity: breakdown of classical theory.
—> Quantum theory to “cure” it ?

Simulated view of a black hole in front
of the Large Magellanic Cloud.




S. Hawking experiencing absence of gravity



But: applying to gravity the same procedure (“quantization”)
used in electrodynamics leads to inconsistencies, due to the
point-like interaction between the elementary particles.

The problem can be cured in the standard model
(“renormalization™), but not for gravity.



But: applying to gravity the same procedure (“quantization”)
used in electrodynamics leads to inconsistencies, due to the
point-like interaction between the elementary particles.

The problem can be cured in the standard model
(“renormalization™), but not for gravity.

String theory: a where the
fundamental objects are not point-like, but string-like
(and even membrane-like)

@ as

Closed string Open string
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strings can , as the strings of a violin.
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Every note corresponds to a type of elementary particle:
electron, neutrino, photon, quark...

...and GRAVITON.

—> unification of gravitation with the other fundamental
interactions in a quantum theory



One fundamental object, many vibration modes

R. Dijkgraaf



strings have a - ~1033 cm

—> appear point-like even to the most powertul microscopes
(particle accelerators)



At the scales available at LHC, does string theory
reproduce the particle content and the interactions of the
standard model ?



Equations of the theory difficult to solve, and this is a problem
also in the SM: approximation methods (perturbation theory)

vield many approximate solutions, some of them

But no reason is known at present why string theory should
‘prefer” these solutions.

Nonetheless, some predictions are there: features common to
all solutions



e Supersymmetry. Strings are consistent only if
‘supersymmetric” : each bosonic particle has a fermionic
partner —> superstrings
Supersymmetry may be broken in particular solutions

 Hidden dimensions: guantum theory of superstrings Is
consistent in 10 space-time dimensions —> 6 hidden extra
compact dimensions, observable only at very high energies

* Modifications to Newton’s law, If our space-time is a 4-dim
membrane fluctuating in a 10-dim space, and in the 6 extra
dimensions only gravity can propagate. Numerous
experiments on deviations in the submillimeter regime



* Noncommutative spacetime:

« At very small distances not necessarily xy =y x

* Spacetime 1s then described by
NON COMMUTATIVE GEOMETRY

*X,V, ... become OPERATORS



* Why noncommutative geometry at small scales ?

 Euristically:

General relativity

Lp: Planck scale

Quantum mechanics

/




* To “measure” geodetics 1n a gravitational field:
use freely falling particles.

 How precisely can we measure geometry?

* Need particles with very short wavelength A\ —> very high energy

* To decrease A\, increase energy — then also the curvature of
spacetime increases until ...

!

curvature radius =~ A

This happens when A= Lp



- It is therefore impossible to observe

phenomena (or spacetime structure)
under the Planck scale L,

» This indetermination emerges automatically if the coordinates
are noncommutative.

—> Field theories (gravity, gauge) directly formulated
on noncommutative spacetime.



Emergent gravity

e Gravity induced by guantum effects (Sakharov, 1967)

Introduce quantum fields in arbitrary background Riemannian manifold.
Effective action at one-loop contains Einstein-Hilbert term.

 AdS/CFT, and more generally gauge/gravity
correspondence (Maldacena 1997)

Gravity theory in the interior of AdS space-time dual to gauge theory on its
boundary. Realization of holographic principle.

* Entropic gravity (Verlinde 2009)

Gravity as entropic force, not a fundamental interaction. Probabilistic
conseqguence of entropy increase. Inspired by black hole thermodynamics.



Thank you !



