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string theory
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The importance of Gravity
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Gravity is the most universal force

10720 /A > > It couples to every type of matter
and energy
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> Itis always attractive (we cannot
switch off gravity)

> Itis very weak
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The least understood amongst the fundamental interactions



The Greatest Unsolved Problem In
Theoretical Physics: Why Gravity Is So

Will we have to rewrite Einstein's theory of general relativity?

November 25, 2015 by Rotn Tucker, The Conversation
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Gravity as dynamics of space-time

Gravity is the warping of space and time :

a body is not attracted by another body but moves freely in a
curved space-time following a natural trajectory dictated by
the shape of space-time

Space and time is dynamical whereas Newton’s spacetime was
rigid, real but non genuine



Gravity and our observed Universe
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Black holes
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universe : the on(y clements in ther construction are our

conccyfs of space and time (S. Chandrasckhar)
> Consequence of Einstein’s theory of gravity

> Attract all matter and energy




Gravitational Waves

On September 14th 2015, LIGO has detected, for the first time,
gravitational waves emitted by a black hole binary system




Einstein had doubts about

ON A STATIONARY SYSTEM WITH SPHERICAL SYMMETRY
CONSISTING OF MANY GRAVITATING MASSES
By Aupert EINsTEIN
(Received May 10, 1939)

If one considers Schwarzschild’s solution of the static gravitational field of
spherical symmetry
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f i ﬁeld which is produced by
an incompressible liquid. He found that in this case, too, there appears a
region with vanishing ge if only, with given density of the liquid, the radius of
the field-producing sphere is chosen large enough.

ON GRAVITATIONAL WAVES.
BY
A. EINSTEIN and N. ROSEN.

ABSTRACT.

‘The rigorous solution for cylindrical gravitational waves is given. For the
convenience of the reader the Lheory of gravitational waves and their production,
already known in principle, is given in the first part of this paper. After encoun-
tering relatmnshlpl which lcast donb: on the existence of rigorous solutions for

necessary, therefore, to
compressible liquid whose equation of state excludes the possibility of sound

fields, we igate rigorously the case of cylindrical
gmwtatumal waves. It turns out that rigorous solutions exist and that the
problem recuces to the usual cylindrical waves in euclidean space.

> the reality of Black holes : is the black hole singularity real
or fictitious ? How can matter collapse to form a black

hole?

P> the reality of gravitational waves : are they physical waves
or just mathematical unphysical solutions?



Why is this important? New observational window

> First time detection of the dynamics of black holes
> New astronomical window on our Universe
> neutron stars binary system : multi messenger signal (GW,
X-rays, y,...)

» This puts strong constraints on theoretical models
modifying gravity

> After 2018 between 1 and 50 gravitational-wave signals
from binary neutron star mergers are expected per year



Gravity and quantum mechanics

s~ directions of gravity waves

In 1916 Einstein writes

Because of the intra—atomic movement of clectrons, the atom must
vadiate not only eﬁacfromagnefic but also Wavifaﬁonal onergy, if
only in minute amounts.

Since, in veality, this cannot be the case in mature, then it
appears that the guanfum thcow(/ must mocujy not onLJ Waxwell's
dcc{roiynamus but also the new thpord oj gmmtatton



Quantum Black hole : evaporation

Hawking explained that black hole emit a quantum radiation
from quantum fluctuations near the horizon of the black hole

1 Black hole have a temperature

hc3
TeH = g
87'(’(5 M

Small black evaporate quickly



Black hole entropy : irreversibility

Black holes have an entropy dE = TdS

d(McZ)_d kg (161tG>M?
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dSschw—BH =
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Irreversibility (second principle of thermodynamics) :
» Entropy increases AS > o
» Black hole area increases AA > o
o From the observation of gravitational waves [1ico/virco]

=622 :362 :292
SgH+Scw = SgH = Spr. +SpH. =>A(BH)>A(BH,) + A(BH.,)



Quantum of light : photon
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Quantum of space-time : graviton
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Das Lichtquant

Max Planck supported Eintein’s election to the Prussian science
academy (1913)

That he mighf sometimes have overshot the target in his specus
lations, as for example in his Ligftf guanfum hy)ooﬂwsis, should
not be counted againsf him too much., for it is not yossib(c to
introduce reauy new ideas even in the most exact sciences without

sometimes faking a risk. (Max Planch, 1913)



Can we detect a graviton?

" GRAVITON

—so8 ‘PARTICLEZ 0

When he received the Poincaré prize Freeman Dyson argued
against a possible detection of single graviton

Does it mean that the graviton does not exist ?

Can we imagine a theoretical framework, or experiments that
would provide clues about the quantum nature of space-time?



Fundamental or emerging symmetries

The gravitational wave confirm the validity of the symmetries
of Einstein’s gravity up to scale of 10% of the size of our
observable Universe

What is their domain of validity ? What are the fundamental
symmetries of space-time at very large or very small
distances?



String theory

quark

String theory unifies quantum mechanics and general
relativity by modifying gravity following Einstein intuition

The typical size of the string is the Planck scale



Equivalence principle
DOCTOR : Old Jsaac ! Friend of mine on Earth. He discovered
gravity. Well, J say he discovered fmwify. J had to give him a
bit of a prod. (The pirafc p(an@f - Episode 099)

7 was szﬁmg in a chair in the patent office at Beorn when all of
a sudden a ﬂwughf occurred to me : "Jf a person falls fredy he
will not f@d his own weigkf.n J was startled. This simy(a fhoughf
made a deep impression on me. Jt impelled me toward a Hwory
of 3mvifafion< (Einstein 190;)



Violation of the equivalence principle

Emil Bjerrum-Bohr, John Donoghue, Barry Holstein, Ludovic Planté, Pierre Vanhove PRL 14 (2015)

8 G*hMy
VP c5bh3
Very small corrections but shows that quantum gravity effect
can arise at low-energy
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String theory allows to compute the microscopic black hole
entropy There are very active debate about the nature of
Hawking’s radiation

* fundamental strings at the horizon of the black hole?

- Einstein-Rosen bridge = Einstein-Podolsky-Rosen

0 ®

entanglement?

/% "l Observer dependent operators (subtle violation of the
rules of quantum mechanics)

We yemember Jsaac Newton for answers, we remember }Cawking for

7ucsﬂons. (U(i;) Thorne)



