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Abstract: The theory of Quantum Mechanics requires \'completeness\', that is, we need to know the complete set of physically alowed states before
we can reliably compute quantum mechanical amplitudes. Among these possible states are microscopic black holes, since they are valid solutions to
Einstein\'s equations for the gravitational force. However, a quantum description of black holes requires a drastic revision of our notions of space
and time, in particular if we were to accept the interpretation of their microstates as given by superstring theories. The logical foundations of our
physical world view are touched upon here. A natural sounding solution of our problems here could come from a re-interpretation of what quantum
mechanics really is. The first thing to dispose of should be all references to \'magic\' and \'mystery\' when dealing with quantum mechanics or string
theory.
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All fundamental particles must have

spin O ( scalar fields, Klein-Gordon Eq. ),
spin 2 ( spinor fields, Dirac Eq.),

or

spin 1 ( vector fields, Yang-Mills Eq.)
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All fundamental particles must have

spin O ( scalar fields, Klein-Gordon Eq. ),
spin 2 ( spinor fields, Dirac Eq.),

or

spin 1 ( vector fields, Yang-Mills Eq.)

otherwise, their interactions
are non-renormalizable

Le——
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The Photon
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The Photon The Graviton

Spm = 1 Spm — 2
Equal charges repel Equal masses attract
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h!/2zx =h=1.0546x10"" kem?sec™
G, =6672x10""m’ kg™ sec™
c =2.99792458 x10° m/sec

Planck Units

Pirsa: 08040000



h/2zx =h=1.0546x10"" kem®sec™
G, =6672x10""m" kg™ sec™
c=2.99792458x10° m/sec

Planck Units

Lot = \‘hg E 1.616x10 7  cm
[he
A . :\J At 218 ug

G,
- ’h Gy - 539x10™ sec

TPlan::k V 3
C

Pirsa: 08040000



General Relativity / gravitational effects
cause all sorts of trouble in quantum theory:
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General Relativity / gravitational effects
cause all sorts of trouble in quantum theory:

- Infinities at small distances: explosive curvature

- contradictions with locality in black holes

- no explicit time variable ... what is time ?

- no explicit space coordinates ... what iIs locality -

- what is the complete set of states? How do we
define the conditional probabilities?

—does a closed universe have a wave function ?



The Cosmological Constant Problem

£=\g(A+ $%R)
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The Cosmological Constant Problem
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The Cosmological Constant Problem
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The Cosmological Constant Problem
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The gravitational force is caused by
curvature of the fabric of space and time.

When and where is the gravitational force
as strong as it ever can be ?
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*>*> Every elementary particle may be viewed as a
microscopic black hole:
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It Is surrounded by a gravitational field described
by the same equations, hence it has a horizon

Just because its mass is small, the radius may
look negligibly small
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It Is surrounded by a gravitational field described
by the same equations, hence it has a horizon

Just because its mass is small, the radius may
look negligibly small

It obeys exactly the same equations ...
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It obeys exactly the same equations ...

*s* Every black hole may be viewed as an
elementary particle:
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*;* Every elementary particle may be viewed as a
microscopic black hole:

It Is surrounded by a gravitational field described
by the same equations, hence it has a Ahorizon

Just because its mass is small, the radius may
look negligibly small

It obeys exactly the same equations ...

*>* Every black hole may be viewed as an
elementary particle:
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The spectrum of the
‘most fundamental”
particles

Mass
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The spectrum of the
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In a black hole:

compare Hawking's particle emission process
with the absorption process:
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In a black hole:

compare Hawking's particle emission process
with the absorption process:

~—

=

Black hole plus matter &—=  Heavier black hole
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If the heavier black hole could exist in much
more quantum states than the lighter one,
the absorption process would be favored ...
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If the heavier black hole could exist in much
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the emission process would be favored ...
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If the heavier black hole could exist in much
more quantum states than the lighter one,
the absorption process would be favored ...

If the heavier black hole could exist in much
fewer quantum states than the lighter one,
the emission process would be favored ...

Comparing the probabilities of these two
processes, gives us the number of quantum
states !
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Probability

| Amplitude \2 x (Volume of Phase Space)

ime reversal symmetry
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*;* Every elementary particle may be viewed as a
microscopic black hole:

It Is surrounded by a gravitational field described
by the same equations, hence it has a horizon

Just because its mass is small, the radius may
look negligibly small

It obeys exactly the same equations ...

*>* Every black hole may be viewed as an
elementary particle:
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*;* Every elementary particle may be viewed as a
microscopic black hole:

It Is surrounded by a gravitational field described
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Just because its mass is small, the radius may
look negligibly small

It obeys exactly the same equations ...

*s* Every black hole may be viewed as an
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*;* Every elementary particle may be viewed as a
microscopic black hole:

It Is surrounded by a gravitational field described
by the same equations, hence it has a Aorizon

Just because its mass is small, the radius may
look negligibly small

It obeys exactly the same equations ...

*s* Every black hole may be viewed as an
elementary particle:

Black holes are characterized by distinct quantum
states, just as particles are, and they obey the
same kinds of Schrodinger equations.

irsa: 08040000




Pirsa: 08040000 Page 187/242’




Particles and horizons, the hybrid picture

-
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Particles and horizons, the hybrid picture

State-counting tells us
that a black hole has
Its degrees of freedom
aligned on the surface

But an infalling

observer sees
degrees of
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The conceptual difficulties appear to be
too serious to be cured by delicate artistic procedures

How do we ever recover LOCALITY?
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The conceptual difficulties appear to be
too serious to be cured by delicate artistic procedures

How do we ever recover LOCALITY?

pa/'ado X Unitarity,

Causality,

How does Nature process quantum
information ?

... and why should these issues NOT be related to the
=ocgestion of the foundation of quantum mechanics«#:



Quantum mechanics I1s a standard axiom
In nearly all of subatomic physics ...

Give a Hilbert space of states, define your
set of operators there, then give the rule
for their time evolution ...
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Quantum mechanics I1s a standard axiom
In nearly all of subatomic physics ...

Give a Hilbert space of states, define your
set of operators there, then give the rule
for their ime evolution ...

But GR has no time, and,
where does Nature produce its
‘random numbers™ ?

The Planck distance is the smallest
distance ...






The use of Hilbert Space Techniques as technical
devices for the treatment of the statistics of chaos ..

A “state” of-the universe:

fipe __peaes 5 8 ﬁ‘a ,anything ...t

A simple model universe: {1t —>12t—>13F—>11¢
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The use of Hilbert Space Techniques as technical
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Emergent quantum mechanics in a deterministic system

. g
—G0)=F(@) ; Vof =0

= [ W
p_ 56—7*
H = p-f(q)

%q*(;): -i[g0), A =£@
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Emergent quantum mechanics in a deterministic system
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In any periodic system, the Hamiltonian
can be written as
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In any periodic system, the Hamiltonian
can be written as

27T
H=op: o©=——
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In any periodic system, the Hamiltonian
can be written as

27T
H=0op: o=——
D T
27N
=1 — H:T:a)n il — | e o o A

This is the spectrum of an
harmonic oscillator !
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In any periodic system, the Hamiltonian
can be written as

H—op, &
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This is the spectrum of an
harmonic oscillator !!
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The Jock—in mechanism may be used to
solve the positivity problem of the Hamiltonian.

eg.:
Let N(Z) be a conserved quantity:

SN SS o
dt e
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The Jock—in mechanism may be used to
solve the positivity problem of the Hamiltonian.

eg.:

Let N(Z) be a conserved quantity:

ﬂzoj H. N| =0
dt S

Limit ourselves to states where V" and 7 are locked In:
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The Jlock—in mechanism may be used to
solve the positivity problem of the Hamiltonian.

eg.:
Let N(Z) be a conserved quantity:

di 1 ‘

Limit ourselves to states where V" and 7 are locked In:

(H — N)|v) =10, H|9¥) = N|¥) ;
N> = B>
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A key ingredient for an

i Information loss
ontological theory:
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With (virtual) black holes, information loss
will be very large!
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The (perturbed) oscillator has discretized
stable orbits. This is what causes quantization.
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And what about the
Bell inequalities

?

|

e

electron
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And what about the
Bell inequalities
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Possibility:

Deterministic behavior at the Planck scale does
NOT generate deterministic behavior at the
Standard Model or atomic scale.

There, at first approximation, we have chaos
no physical law af all — except:
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a non-deterministic, indeed quantum mechanical
law for the statistical correlations.
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Possibility:

Deterministic behavior at the Planck scale does
NOT generate deterministic behavior at the
Standard Model or atomic scale.

There, at first approximation, we have chaos
no physical law af all — except:

a non-deterministic, indeed quantum mechanical
law for the statistical correlations.

These correlation laws describe at the same time
how small changes tend to evolve:
non-commuting operators
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At the Planck scale, observables ("beables”) are
very different from operators that bring about
small changes (‘changeables’)

The renormalization group allows us to make the
scale tfransformation from Planck scale to SM scale.

The renormalization group however mixes the
beables with the changeables, which is why we,
today, are unable to keep them apart.

These non-commuting operators then violate
Bell's inequalitis, as they should.
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Conclusions

At the Planck scale, Quantum Mechanics is nof wrong,
but its interpretation may have to be revised, nof for
philosophical reasons, but to enable us to construct
more concise theories, recovering e.g. locality

The “random numbers”, inherent in the usual statistical
interpretation of the wave functions, may well find
their origins at the Planck scale, so that, there, we
have an ontological (deterministic) mechanics

For this to work, this deterministic system must feature
information loss at a vast scale
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