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Abstract: Usually in quantum field theory one considers two different interpretations:

1: Thefield is an infinite number of quantum oscillators, giving rise to awave functional \Psi(\phi).

2: The positive frequency component of afield, \phi_+(x), is awave function analogous to standard quantum mechanics.

While interpretation 2 is often only mentioned implicitly it is crucial to standard computations of measurable scattering probabilities.

We extend the interpretation of QFT as relativistic quantum mechanics (option 2) and show how the total Klein Gordon field which consists of
positive and negative frequency contributions, \phi =\phi_+ + \phi_- , can be interpreted as a wave function. Our construction manifestly shows that
signal propagation in QFT cannot exceed the speed of light. This follows from the replacement of the Feynman propagator by the Wheeler
propagator, which is just the time ordered commutator. Our second observation is that interpretation 2 is not consistent if one uses the Newton
Wigner position operator, therefore we introduce a more natural bilinear position operator. We show by an explicit example that the bilinear
operator, contrary to the Newton Wigner operator, allows relativistic particles to be perfectly localized, precisely as in non relativistic quantum
mechanics.
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The Klein Gordon field as a wave

function: causality and localization

"A Causal Alternative 1o Feynman's Propagator” jurjen Koksma WW, arXiv-1012 34713
Localization of particies in quantum field theory™ WW, arXin:1012.3472

PERIMETER
|_NST|TIJTE

Pirsa: 11030084 Page 2/50



Goals

Causality:

Feynman diagrams with causal propagators as opposed non-causal
Feynman propagators

Localization:
We present a wave-function that can be perfectly localized in principle

A position operator that generates the Poincare algebra is presented
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Prime motivation: causality

Causality plays in important role in the Causal Dynamical Triangulation
(CDT) approach to quantum gravity

The quantum effective action of standard in-out QFT is NOT causal
The effective action of the in-in formalism IS causal however

Only the in-in effective action gives the proper quantum corrected
equation of motion for a field
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The real Klein Gordon field

The non operator valued Klein Gordon field as a wave function in
standard quantum field theory
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The positive frequency modes

The real Klein Gordon field is.... real, it does not give the wave-function
for a neutral spinless particle in the non-relativistic limit

Standard QFT solution: project out the negative frequency modes using
operator techniques

non operator valued real field:

= @4+(x) + ¢o—(T)

= @, (x)
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The relativistic single particle
Schroedinger equation

The positive frequency part of the real and non operator valued KG field
satisfies a relativistic single particle Schroedinger equation
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Well defined probability density

The probability density of a single spinless and neutral relativistic particle
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Plr)=¢%(x)10:0.(x)
It is Positive definite

and Normalized in a Lorentz covariant manner
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Not the original interpretation

The probability density using positive frequencies follows from standard
second quantization formalism by taking expectation values

() =0, (x)10;:0. ()

Originally: complex fields » were interpreted as wave-functions

Problem: The surface integral of the natural current is not positive definite
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Current understanding

A neutral spinless particle is described by a real field, and not by a
complex field.
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So far: unconventional presentation of conventional scattering

interpretation of quantum field theory

Now on to our new work: towards causal Feynman diagrams
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(Non) causal propagation

The propagation of positive frequency modes is not causal

) = /fii.:‘"_\ﬁ:.:' - 2")VOpd (2

The propagation of the field itself is causal

I —
K § i
N — ¥ - ] - - e
ML) = / "I. ’ Af" £ — A 'i.j o CNT )
J

Page 12/50



Pirsa: 11030084

i

Pl

PERIMETER
INSTITUTE

(Non) causal propagation

The propagation of the field itself is causal
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New form of the probability density

Include negative frequency modes
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The probability density in terms of real fields
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Field theory energy = QM expectation value

Position space density is natural when coming from momentum space
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Negative frequencies have positive energy

Frequency is not equal to energy
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Field theory energy = QM expectation value

Position space density is natural when coming from momentum space
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(Non) causal propagation

The propagation of the field itself is causal
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New form of the probability density

Include negative frequency modes
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The probability density in terms of real fields
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P(2) = 5 6m(2)d.6(x)
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Time evolution with interactions

The field is the real valued wave function
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The Liouvillian operator

Time evolution in terms an operator equation
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The solution can be found by exponentiation
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Prrturliative comrs tioas (ot (el

Perturbative corrections to the field

Using the Liouvillian operator one can compute the corrections to the
field in the coupling constant using the interaction picture
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Unerual fire Podsson

Unequal time Poisson Brackets

The propagation law relates the field and momentum

oz’ VO Ac(z.x

related to the composition law
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Perturbiative comie tions (o s (el

Perturbative corrections to the field

Using the Liouvillian operator one can compute the corrections to the
field in the coupling constant using the interaction picture
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Tree diagrams

Tree level Feynman-like diagrams with time ordered causal propagators
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The Wheeler propagator

The Wheeler propagator is the time ordered commutator
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The Wheeler propagator is the real and symmetric Green’s function
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A single particle example

Exponentially decaying wave-packet in momentum space
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Att=0

The field has the form of a Cauchy/Lorentz/Breit-Wigner function

olz)=0
I-)|_L'_

P(x): Three dimensional Breit-Wigner probability distribution

/ dr 4xr*P(r) =1
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Visualisation at t=0

The field has the form of a Cauchy/Lorentz/Breit-Wigner function

I"I.

Near Gaussian form
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t>0 Cauchy-Lorentz wave-function

x-axis: the x coordinate y-axis: wave-function
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t>0 Cauchy-Lorentz wave-function

x-axis: the x coordinate y-axis: wave-function
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t>0 Cauchy-Lorentz wave-function

x-axis: the x coordinate y-axis: wave-function
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t>0 Cauchy-Lorentz wave-function

x-axis: the x coordinate y-axis: wave-function
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t>0 Cauchy-Lorentz wave-function

x-axis: the x coordinate y-axis: wave-function
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t>0 Cauchy-Lorentz Probability density

x-axis: the x coordinate y-axis: Probability density

PERIMETER
INSTITUTE

Pirsa: 11030084 Page 37/50



t>0 Cauchy-Lorentz Probability density

x-axis: the x coordinate y-axis: Probability density
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t>0 Cauchy-Lorentz Probability density

x-axis: the x coordinate y-axis: Probability density
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t>0 Cauchy-Lorentz Probability density

x-axis: the x coordinate y-axis: Probability density

PERIMETER
INSTITUTE

Pirsa: 11030084 Page 40/50



t>0 Cauchy-Lorentz Probability density

x-axis: the x coordinate y-axis: Probability density
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Localization

The probability density can be perfectly localized
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Position operators

Define the relativistic position operators in position space
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Perfect localization?

Infinitesimal width of the probability density is mathematically possible
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bilinear position operators

Anti-symmetric and imaginary thus Hermitian operator
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Hermitian without partial integration, avoiding boundary complications
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bilinear vs Newton-Wigner

Bilinear symmetric and anti-symmetric Hermitian operators
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Newton-Wigner: Hermitian part of the non-relativistic operator
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Cauchy-Lorentz vs Newton-Wigner

Newton Wigner “Localized state”: eigenstate of the N-W operator
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Poincare algebra

The Bilinear operator realizes the Poincare algebra in momentum space
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Simply the Fourier transformed counterparts of the standard generators
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Conclusions

A real Klein Gordon field is a wave-function for neutral spinless particles

l =
P(z) = ;!JHLIJU_"DLJ'I

-

Diagrams contain causal Wheeler propagators not Feynman propagators

“

(z) == /ff‘u_\.-.rl: - y)oo(y)”

'__l"

We introduced bilinear position operators more convenient than N-W
Cauchy Lorentz wave-functions are perfectly localizable

Our concept of localization is perfectly analogous to standard QM
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Outlook 1

Loop corrections with causal propagators
What is the effect on renormalization?

In the in-in formalism cancellations are known to occur for
causal corrections
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