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Abstract: | will review relativistic quantum theory that is based on Wigner\'s unitary representations of the Poincare group, Dirac\'s forms of
dynamics, and Newton-Wigner\'s definition of the position operator. Formulas will be derived that transform particle observables between different
inertial reference frames. In the absence of interactions, these formulas coincide with Lorentz transformations from specia relativity. However,
when interaction is turned on, some deviations appear. The relationship of this result to the Currie-Jordan-Sudarshan \'no-interaction\' theorem will
be mentioned, and the status of Lorentz transformations within quantum and classical theories of interacting particles will be discussed.
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« Non-interacting multiparticle systems
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« "Dynamical boost” hypothesis
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OUTLINE

« Relativistic quantum mechanics
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Wigner (1939)

« Hilbert space H of any guantum relativistic system carries a
unitary representation of the Poincare group Ug

» Elementary inertial transformations are represented by
unitary operators

perator . Inertial

Generator

transformation
P time translations total energy H
e—fﬁ space translations total momentum P
e I8 rotations total angular momentum J
- boosts (center of energy) K

» Generators of inertial transformations are Hermitian
operators (total observables) that satisfy commutation
relations of the Poincare Lie algebra

[P,H]=0 [K.H]=-iP [K,P]=——HS

2 ;-}.----.
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Wigner (1939)

» Elementary systems (particles) are described by irreducible
unitary representations of the Poincare group.
« They are characterized by two Casimir invariants:
E_3

mass M =0 and spin s =0,—.1,—,...
2 2

Pirsa: 08050031 Page 5/52



Newton-Wigner (1949)

Operator of (center of mass) position
[pxw]

MH(Mc* + H)

’!I

R=- —(H"K+KH")—

% :lHj—c[ﬁx ff] Pauli-Lubanski vector
c

Important commutators:

T R Y

[®51=0 [R.R,]=0

[RH]—:%—:?

R(0) = € R(0)e™ = R(0)+ Vt
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OUTLINE

« Relativistic quantum mechanics
« Non-interacting multiparticle systems
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N-particle systems

» Hilbert space H=H,QOH,® _.QH, |

« Which representation of the Poincare group acts in H?
* Representation

U=U_®U,,®. QU

with generators

E_

K,k 1k _k,

-

corresponds to N non-interacting particles.
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Particle observables (properties) seen by two observers

j Property | Observerat rest | Moving observer |

. e —icK o6 icK 5,6
Position x M= x.e
ity —ieK 3,0 _icK 4.0
Velocity v, V', = g Koty giKox
Hamiltonian - —icK 6 1K g .0
H, H.=¢e"“Hg

rgectoey  y()—xe™ —cavt X)) =™ e™ = Y

Is it true that x(2) and X'(¢") are related by Lorentz transformation?
YES! (E.S. Found. Phys. 32 (2002), 673)

x . : .
t'=tcosh & ——smhé Note that non-interacting operjators
c H, andK;, have been used in
this derivation!

x'=xcosh @ —ctsinh &
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Trajectories of two non-interacting particles

In the reference frame at rest In the moving reference frame

=i N4

Using emr”‘&

>

or Lorentz transformations

F I T [ \F

—_— e e e

» Observables of particles 7., P..V..§..... in a non-interacting system
transform by Lorentz formulas.
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What do I mean by Lorentz transformations?

Special-relativistic formulas that connect observables of

physical systems (=collections of particles) viewed from two

different reference frames in relative movement:

» Lorentz transformations for space and time coordinates of events
(e.g., collisions) in multiparticle systems

» Lorentz transformations for the energy-momentum 4-vector

» Relativistic formula for the "addition” of velocities

» Length contraction formula

* “Time dilation” formula

What do I mean by boost transformations?

Transformation formulas obtained by applying boost operators
exp (fgxa) from the Poincare group representation to particle
observables.

For non-interacting particle systems
Lorentz transformations = boost transformations
rrsa ososf N 3T @about interacting particle systems? Page 11/52




OUTLINE

« Relativistic quantum mechanics
« Non-interacting multiparticle systems
« Hamiltonian theory of interactions
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Dirac (1949)

Classification of different ways (forms of dynamics) to
introduce interactions in quantum (and classical) multiparticle
systems. Important: commutation relations of the Poincare Lie
algebra should be preserved.

Form of dynamics ' Kinematical | Dynamical generators

 generators
General form H+H, P- }%’j;& _;, K+ E’G
Instant form R)an HZHO%-V,E: 40-{-2"
Front form

Which form of dynamics is realized in nature?
We will use the instant form of dynamics.
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Two methods for obtaining time-position coordinates in the
moving reference frame

Using boost transformations Using Lorentz
transformations
2@)y=" 2™
=¢" a‘ﬂ‘&x P e Tl
-mxx&eﬁ'x‘e—ﬂ oiKE
#X, +vt

Interacting operators H and K_are used in this derivation!
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Dirac (1949)

Classification of different ways (forms of dynamics) to
introduce interactions in quantum (and classical) multiparticle
systems. Important: commutation relations of the Poincare Lie
algebra should be preserved.

Form of dynamics ' Kinematical | Dynamical generators

generators
General form H=+H, P#P, J+J, K#K,
Instant form E)?JE} H:Hﬂ-f-V,E: _FD_{_Z‘
Point form Eﬁ,jﬁ HZH6+W.,§:I% +I_;
Front form

Which form of dynamics is realized in nature?
We will use the instant form of dynamics.
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What do I mean by Lorentz transformations?

Special-relativistic formulas that connect observables of

physical systems (=collections of particles) viewed from two

different reference frames in relative movement:

» Lorentz transformations for space and time coordinates of events
(e.g., collisions) in multiparticle systems

» Lorentz transformations for the energy-momentum 4-vector

» Relativistic formula for the "addition” of velocities

» Length contraction formula

* "Time dilation” formula

What do I mean by boost transformations?

Transformation formulas obtained by applying boost operators
exp (fgxe) from the Poincare group representation to particle
observables.

For non-interacting particle systems
Lorentz transformations = boost transformations
rrsa ososf N @L @about interacting particle systems? Page 16/52
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Particle observables (properties) seen by two observers

Observer at rest ___ Moving observer |

-h.ﬂiq 0 x' xl — e_ﬂﬂxﬂx eﬂﬁz&
Veloc]ty v[ V'f - e-ﬂﬁx&vfeﬂ(}:g
Hamiltonian Hg H {:‘ o e-iﬂxﬂfzﬂ H‘a eﬂﬁ:ﬁ'

trajectory y()=exe ™ =x+vt ()= ™ =x it

Is it true that x(Z) and X'(¢) are related by Lorentz transformation?
YES! (E.S. Found. Phys. 32 (2002), 673)

x . : ;
t'=tcosh& ——sinh & Note that non-interacting operators
c H, andK, have been used in

this derivation!

x'=xcosh @ —ctsinh @
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Two methods for obtaining time-position coordinates in the
moving reference frame

Using boost transformations | Using Lorentz
transformations
—iH?
x(t)=¢€ x'e =
( 4 t'=tcosh@——smmhé

1 exm’ e—mx,& oK T c :
x'=xcosh@ —ctsinh 8

— o IO HiH x!e_ﬂ oK

#=x +vit

Interacting operators H and K_are used in this derivation!
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Currie, Jordan, Sudarshan (1963)
Trajectories of two interacting particles

In the reference frame at rest
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Currie, Jordan, Sudarshan (1963)
Trajectories of two interacting particles

In the reference frame at rest In the moving reference frame

-t 7

icK 0
Using éd‘;

X / x
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Currie, Jordan, Sudarshan (1963)
Trajectories of two interacting particles

In the reference frame at rest In the moving reference frame
. | . t’

Using éd;ﬁ

Using Lorentz transforms
>

x / x
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Currie, Jordan, Sudarshan (1963)
Trajectories of two interacting particles

In the reference frame at rest In the moving reference frame

ol f

icK 0
Using éc&

Using Lorentz transforms
>

x / x

"No-interaction” theorem: trajectories of particles obey Lorentz
transformation formulas only if the particles are non-interacting.
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Currie, Jordan, Sudarshan (1963)
Trajectories of two interacting particles

In the reference frame at rest In the moving reference frame
. e 4
: éf&ﬁ

Usin

Using Lorentz transforms
>

X / X

“"No-interaction” theorem: trajectories of particles obey Lorentz
transformation formulas only if the particles are non-interacting.
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Existing ideas about how to deal with the "no-interaction”
paradox:

*» Particles and their observables are not fundamental entities.
Fields rule.

« Various versions of non-Hamiltonian dynamics.
“"Constraint dynamics”.

A different idea:

"Dynamical boost” hypothesis: Lorentz transformations can be
applied to observables of interacting particles only
approximately. Exact transformations of observables are given
by applying the interacting boost operator expliké
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Existing ideas about how to deal with the "no-interaction”
paradox:

» Particles and their observables are not fundamental entities.

Fields rule.
« Various versions of non-Hamiltonian dynamics.

“"Constraint dynamics”.

A different idea:

"Dynamical boost” hypothesis: Lorentz transformations can be

applied to observables of interacting particles only
approximately. Exact transformations of observables are given l

by applying the interacting boost operator exp|iK &
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Is there a good reason to trust Lorentz transformation
formulas when applied to observables of individual particles
in @ multiparticle interacting system?

» All existing derivations of Lorentz transformations use (tacit)
assumption about the absence of interactions.

» Lorentz transformations are assumed to be universal and
kinematical, i.e., they do not depend on the nature of the
physical system and on interactions acting there. This
assumption contradicts the Poincare group properties.
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How inertial transformations of observers affect observables of
particles in multiparticle systems?

Inertial : Non-interacting Interacting system
transformation | system

Generator Type Generator Type
Space translation E) kinematical _; kinematical
Rotation j‘ﬁ kinematical jﬂ kinematical
Time translation H, kinematical H = H +V dynamical
Boost a kinematical p _ g ~7 dynamical?

K E=K 7%

* Dynamical time translations means that time evolution of particle
observables is interaction-dependent and is not universal.

* Dynamical boost means that transformations of particle observables
to the moving reference frame are interaction-dependent and do
not follow universal Lorentz formulas.
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Wigner (1939)

» Hilbert space H of any guantum relativistic system carries a
unitary representation of the Poincare group U,

» Elementary inertial transformations are represented by
unitary operators

Operator | Inertial
 transformation

Generator

o Fa space translations total momentum P
e~ rotations total angular momentum J
g boosts (center of energy) K

» Generators of inertial transformations are Hermitian

operators (total observables) that satisfy commutation
relations of the Poincare Lie algebra

[P,H]=0 [K,H]=-iP [K,P]=——HS

2 g
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What are consegquences of the "dynamical boost” hypothesis?

» Total observables of multiparticle systems EHISI;S:

transform exactly by Lorentz formulas independent on interactions
acting in the system.

» Observables of free particles (e.g., photons) transform by
Lorentz formulas.

« This is consistent with zall existing experimental tests of special

| relativity.
Experimental tests of SR What is measured?
Doppler effect energy of photons or the
separation of total energy levels in
| the source
Michelson-Morley speed of photons
Light speed from moving sources  speed of photons
Relativistic energy-momentum total energy and momentum of
relationship isolated systems or free particles
' Slowdown of decays of moving interacting time evolution

particles or rates of moving clocks
- Pirsa: 08050031 Page 38/52
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What are consequences of the "dynamical boost” hypothesis?

* Boost transformations of observables of individual particles (or
subsystems) in the interacting system are interaction-dependent.
Generally they are different from Lorentz formulas.

« Moving rods made of different materials (wood and tungsten)
may contract differently.

» Moving clocks of different designs may slow-down by different
amounts (see yesterday’s seminar on particle decays).

» Deviations from Lorentz formulas in interacting
systems are too small to be observed in existing experiments.
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What are consequences of the "dynamical boost” hypothesis?

i
| e oot
|« Total observables of multiparticle systems R.H.P.V.S....
i transform exactly by Lorentz formulas independent on interactions
acting in the system.
; » Observables of free particles (e.g., photons) transform by
Lorentz formulas.
‘ « This is consistent with all existing experimental tests of special
|

| relativity.
| Experimental tests of SR  What is measured? |
Doppler effect energy of photons or the |
separation of total energy levels in
the source
Michelson-Morley speed of photons
Light speed from moving sources  speed of photons
Relativistic energy-momentum total energy and momentum of
relationship isolated systems or free particles
Slowdown of decays of moving interacting time evolution

particles or rates of moving clocks
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What are consequences of the "dynamical boost” hypothesis?

» Boost transformations of observables of individual particles (or
subsystems) in the interacting system are interaction-dependent. |
Generally they are different from Lorentz formulas.

« Moving rods made of different materials (wood and tungsten)
may contract differently.

» Moving clocks of different designs may slow-down by different
amounts (see yesterday’s seminar on particle decays).

» Deviations from Lorentz formulas in interacting
systems are too small to be observed in existing experiments.
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What are consequences of the "dynamical boost” hypothesis?

* Since there is no universality in transformations of time and
length intervals, Minkowski space-time becomes an
approximate concept.

« There is no ban on superluminal (even instantaneous) propagation |
of interactions.
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OUTLINE

« Relativistic quantum mechanics

« Non-interacting multiparticle systems

« Hamiltonian theory of interactions

* "Dynamical boost” hypothesis

« Interactions: instantaneous vs. retarded
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Special relativity

Event A is cause. Event B is effect. Interaction is instantaneous.
In the reference frame at rest In the moving reference frame

4

Using Lorentz transforms
>
A B A
B

Eag \ "
The effect B occurs earlier than the cause A
Superluminal propagation of interactions is forbidden!
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Relativistic Hamiltonian dynamics

Event A is cause. Event B is effect. Interaction propagates
instantaneously.

In the reference frame at rest In the moving reference frame

t N

Using echxé?

Due to dependence of the transformation law on interaction, events
(A,B) simultaneous in the reference frame at rest remain
simultaneous in the moving frame. Causality is not violated.
Instantaneous propagation of interactions is not forbidden.
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* There are no experiments that clearly demonstrate retarded
character of interactions (electromagnetic and gravitational).
(Radio transmission is propagation of particles — photons -
rather than direct interaction of charges in the emitter and the
receiver. So, it doesn't count as an evidence of retardation.)

» There are numerous experiments which can be interpreted as
evidence of superluminal propagation of electromagnetic
interactions. Giakos & Ishii (1991), Enders & Nimtz (1993),
Steinberg & Kwiat & Chiao (1993), Ranfagni & Mugnai (1996),...
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If the "dynamical boost” hypothesis is correct and the Minkowski
space-time is not fundamental, then a significant portion of
modern theoretical physics must be re-evaluated:

« Classical electrodynamics
(field-less approach: E.S. arXiv:0803.1326)

« Relativistic (gquantum) theory of gravity without curved space-time
(direct gravitational potentials: E.S. physics/0612019)

* Quantum field theory
(dressed particle approach: E.S. physics/0504062)

Which experiments can confirm/reject the "dynamical boost”
hypothesis?
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The End
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System of two particles (7%, B,) and (73, P,) interacting via
instantaneous force in the reference frame at rest.

Force acting on the particle 1 at time t is a function of observables |
of both particles taken at the same time instant t |

=2 B0 = B0 H = HED. BO.RO. 5:)

Let us find the force acting on the particle 1 in the moving
reference frame at time t" measured by this frame’s clock.

f(r’)-iﬁ;(r'):@;(f),ﬁ*}

—icK8 py iKG . . : . :
where H'=e He IS the Hamiltonian in the moving frame
—-r(r:) :Hr’ K8 — —LH'I’ —{EKE it — —.':Hr' cht?

Pl € pe€
?1'?(11) e —ickK& e;ﬁff ﬁ e—bﬁ? glcfg
ﬁ;(f) -3 e—-zcﬁ'ﬁerﬂr -'-Eew{Ht'efcfg
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Ry="" ™ g™
— " E3 {5 (f), H %P
=& £ (7). By(). B (2. pa ()™
=" J’i(ﬁ,ﬁpﬁ,ﬁz Je K
= LFE@). pi(0). 7). p5())

The force acting on the particle 1 in the moving frame is
a function of observables of the two particles taken at the same
time instant t'.

Interaction that was instantaneous in the reference frame at
rest remains instantaneous in the moving reference frame.

Pirsa: 08050031 Page 51/52

—;



The End
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