











Summary of the Vacuum in
_Classical-Mechanics:
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" The SpE eQ'a Theory Of Re|at|v|ty1(1905)

L o Einstein ae ted the Mlchel
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The speed of light is constant,
Independent from the motion of
the source or the observer.
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Summary:
Vacuum:.in General Relativity

o Active pleyerdinithe dynamics of physics.
® Spacefsgiichange. In fact, it is difficult to attain
a statiGIRIVErSe . The dynamics of spacetime
determiiRES tAE fate of the Universe.
!

* Geometry€an be non-Euclidean.

|
e \acuum is to be described by the equations,
which were confirmed experimentally
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-« The Schrodinger’s equation, predicts the
Siructure etalliatoms
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The C&antumCrisis

We don’t understand
Quantum Ph Sics

Einstein
Plank

. R e aly — ol PE=R Y A
de Broglie 1) = zf exp(—igt —ipT)

It is not necessary to
understand it

Schrodinger ih oY )t = Hq)

(«
g' s Bohr hwmn = Em — By
" | Heisenberg qmn = amn exp (?wﬂ
g | A Born W = zf )
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L3 er have accepted Einstein’ u of view



B The minimum possible energy
8 for the quantum oscillator is
Fo= 75 ho.
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Prediction (1948): A weak
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Elec’rron Posu’rron Viacuum
of Dirac 4
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i f negative energy state to
O O (@) (@) (@) (@) (@) (@) (@) O L -
eae ol BB » « T empty positive energy
e & o IF oWE o o oNE state
e %o W o 6 o o v . )
e e B o o o o™F o0 4 ete” palr creation!
o 0O (@) @) O @) (@) (@) o (@) \
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= T T vacuum = positron
f ; (analogy: solid state

physics: metals)

OCCUP'ed D Iracs;5ea 1st model for vacuum

») - structure ever: Dirac sea
4 - Prediction of antiparticles
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V|rtual and Real Partlcles

. REAL PARTICLE
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God particle
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Su y_f; the Quantum Vacuum
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Dark Energy’i—
IS the Enerdy
of Physical’ ;

Vacuum = %

In thiesSpace

Per/ﬁ;uti‘gr etal, 1998
Riessietal., 1998

The Universe was
expanding slower
in the distant past!

{Further back in tima)
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0.02 0.05 0.1 02 0.5 1.0
redshift MORE REDSHIFT —

(More total expansion of universe
since the supemova explosion)

I ot nnverse: Oy =028 [+ 0.085 statistical] [£0.05 systematic]
Prob. of fitto A =0 universe: 1%
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bark»Energy W
\‘ﬁj acuum appears tO*haye a £nzero energy «
sity that is propelling the accelerating 2
expansion of the Universe. —-

\0 Data (Feb. 2003):  «
- :

E .. =0.73+0.04
® This result,implies that nearly 34 of th@energk\
density of thg, Universe resides not in mattef®r
radiation but IMsthe Vacuum its@lf!™ -
e The cosmological Constant: Eu%t%u; s\\.\

greatest legacy?!
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e Stars and ﬁames are! onIy ~d‘5% N

" o Neutrines are ~0.3-10% 1% .
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e Cenclusion.-
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The vacuum Ls a dynamic place: » 5
— Space and-time are intertwined. ~ * § i
— Curved by matter; this curvature affectsa i

- motion. . . i -

= A rojling sea of virtual @Brticles created by
qui\tum fluctuations. A :

= (CoMtains a nonzero energy density that makes
\- Up ~70% of th&energy of the Universe. The
nature ofthis “dark energy "isalmost -+ *
Qeompletel known. bi457 5 S

=St dark er s propels the acc‘eleratlng
expansion of the Universe. :
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Perhaps the hottest topic in physics right now. "
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