Information Flow in Entangled Composite Systems

The unitary properties of reversibility and constant entropy during evolution impose
constraints on what tasks can be accomplished by unitaries and in what way they are
able to direct information within entangled composite systems. This provides insight
into the capabilities and limitations of unitaries. Consider an example involving three
systems A, B, and C, which may be coupled by a variety of unitary interactions.
Although the system is completely governed by reversible unitary evolution, let us
examine whether configurations are possible which allow only one-way information
transfer between subsystems. Information transfer means, for example, that there
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Figure 2.12: Configuration of the only possible unitary evolution of system
ABC not allowing information flow from C to A [After Schumacher et al. [53] ].

would be no information flow from C to A if the final state of A depended on the
initial state of AB alone. The only possibility for this occurring within a unitary
transformation is the configuration in Figure 2.12 as proved by Schumacher and
Westmoreland [53]. This has local interactions of the form Uyp. =
(I,®Ug) (U, Q1) which allows information to flow from A to B to C but prohibits
any information from C to A. It is the local sequencing of interactions—first AB and
then BC—that allows local restrictions in flow but still maintains the complete
reversibility of the entire unitary operator U,p. as it must (Exercise 2.11 in the book
or kindle version of theQMP).

A unitary transformation must resort to local sequencing of interactions to shuttle
and restrict information flow because linearity implies that certain unitary
transformations are impossible. A prominent example is the no-cloning theorem [54]:
no unitary transformation can copy an unknown quantum state [i). If this was
possible, we could construct the following transformation for unknown states |1, ) and

l12) [14, p. 532]

U(lh1) Blc)) = [1) Q1) (2.43)
U([p2) ®lc)) = [2) lipy). (2.44)

where |c) is the initial state of the cloning machine. Taking the inner product between
Equations (2.43) and (2.44) yields (1, |y,) = (¥, |4)?, which only has the solutions




(Y, |Y1) = 0 or 1. Therefore unitary cloning can only be done for orthogonal states
and not for a general quantum state. The limits to cloning have also been quantified
and there are by now also a variety of other no-go theorems, which restrict what can
be accomplished by unitaries, including the quantum no-deletion theorem [55], no-
broadcasting [56], and no-unconditionally secure quantum bit commitment [57] [58].
The root of the problem for the no-cloning and related theorems is the necessary
restriction to having only local sequencing of information flow in unitaries similar to
those illustrated in Figure 2.12. Such restrictions also occur in the functioning of
guantum gates such as the CNOT gate which carries out photonic entanglement in the
polarizing beam splitters [53]. The CNOT cannot simply have a global exchange of
information between the control and target qubits as it would then violate no-cloning.
Instead, the information flow is locally directional from control to target and this
limits what a CNOT or other unitary gates can achieve. However, it should be
emphasized that local information flow from A to C need not imply a causal relation
between A and C. Because of the linearity of unitary transformations, it is possible to
form a superposition of two gates, one of which allows flow from A to C and the other
from C to A. Such a composite gate of quantum-causal superposition would have the
remarkable property of having no causal order between A and C, since signals would
be sent in each order simultaneously [59]. In an experiment using polarized photons in
such a superposition of causal orders, it has even been demonstrated that the photon
can be measured without revealing the causal order [60]. This was done by embedding
the result of the measurement into the photon itself but, then delaying the extraction of
any information about the measurement result until after the photon goes through the
entire circuit. This allows a coherent measurement at different times which erases the
causal ordering information. The properties of unitary transformations thus allow the
possibility of having physical processes without causal ordering, and this is also
consistent with the inherent no-signaling property of quantum mechanics in Equation

(2.31)


http://theqmp.com/wp-content/uploads/Ch2/Ch2QESI.pdf#page=2

	1 Wave Particle Duality and Schrödinger’s Cat
	Wave Properties of Light
	Introduction
	Photoelectric Effect
	Einstein’s Ghost Field

	Wave Particle Duality
	Schrödinger’s Equation
	Born’s Rule
	Matter versus Light
	Heisenberg’s Uncertainty Relationships

	Bohr and Complementarity
	Schrödinger’s Cat

	2 Characteristics of Unitary Evolution
	Introduction
	Interference
	Reversibility
	Entanglement
	Entanglement via Mirror Recoil

	Schrödinger’s Cat Without Limits
	Mona Lisa

	Evolution in the Eigenstate Basis
	Unitary Interference Operations
	Mathematics of Quantum Entanglement
	Theorems of Wigner and Stone
	Quantum Evolution with Subsystem Interactions
	Entropy of Quantum States
	Subsystem Entropies and the Araki-Lieb Inequality
	Two Polarization-Entangled Photons
	Information Flow in Entangled Composite Systems
	Entanglement by SPDC

	Exercises

	3 Interpretation or Existence of a Non-Unitary Process
	Introduction
	Hamiltonian Description
	Assumptions
	Hypothesis Tests
	Bell’s Inequality
	Schmidt Decomposition
	Geometry of Entanglement
	Geometry of the Measurement Problem
	Specification of Operations
	Specific Device-Particle Modeling

	Interpretation or Existence
	Extension to Mixed States
	Partial Density Matrices
	Specific Device-Particle Modeling

	Entanglement in the Measurement Problem
	Exercises

	4 Discerning Approaches
	The Incompleteness of Quantum Mechanics
	Definition of the Measurement Problem
	Requirements on Solutions
	Resolution of the Quantum Measurement Problem
	Philosophy and the Measurement Problem
	What a Solution to the Measurement Problem is Not
	Assume Measurement has Occurred
	Necessary and Sufficient Conditions for Measurement
	For All Practical Purposes, FAPP

	External Orthogonalization
	Interpretations of Quantum Mechanics
	Copenhagen Interpretation
	Rosenfeld’s Solution
	External Orthogonalization and Rosenfeld
	External Orthogonalization and UMDT

	Environmental Decoherence
	Decoherence by Stipulation

	Church of the Higher Hilbert Space
	Schrödinger Unitary
	Non-Schrödinger Unitary

	Consistent Histories
	Many-Worlds Interpretation
	Everett’s MWI and Born’s Rule
	Analysis of MWI with UMDT
	Decoherence

	Bohm’s Theory
	Master Equations for Deterministic Evolution
	Superdeterminism
	Transactional Interpretation
	Other Interpretations
	Humpty Dumpty
	Macroscopic Interaction
	Quantum-Bayesian or QBism


	Properties and their Relation to Measurement
	Quantum Jumps
	Discerning Quantum Jumps

	Wave Function Reduction
	Discerning Wave Function Reduction

	Nondeterminism
	Discerning Nondeterminism

	Irreversibility and Entropy
	Discerning Irreversibility and Entropy

	Amplification
	Discerning Amplification

	Localization
	Discerning Localization

	Loss of Coherence
	Discerning Loss of Coherence

	Particle Absorption
	Discerning Particle Absorption

	The Zeno Effect
	Discerning the Zeno Effect

	Summary

	Physical Measurement Theories
	Consciousness
	Sufficiency of Consciousness
	The Contrapositive
	Threshold vs. Non-Threshold Theory
	Mind-Body Dualism

	Ghirardi, Rimini, and Weber (GRW)
	GRW as a POVM
	Born Rule
	Criticisms of GRW
	Violation of Energy and Momentum Conservation Laws
	No-Tail Energy Conservation Problems
	Causality and Hegerfeldt’s Theorem
	Tail problems
	Complete Reversibility

	Validating GRW

	Stochastic Differential Equations
	State Reduction

	Master Equations for Nondeterministic Evolution
	Continuous Spontaneous Localization (CSL)
	Criticisms of CSL

	Mass Threshold Theory
	Gravitationally Induced Collapse
	Quantum Mechanics with Fields

	Charge Threshold Theory
	Impossibility of Detecting Coherence

	Philosophers and the Measurement Problem
	Proof by Pejorative
	Summary

	Appendix 4.A
	Exercises

	5 Historical Perspective
	Introduction
	Measure for Measure
	Dividing the World
	Back-Action from the World
	Complementarity in the World

	The Rise of Classicality
	The Clockwork Universe
	Laplace’s Demon
	Backstory to Atomism
	Atomism versus Continuum
	Atomism Prevails
	Einstein’s Space-Time

	The Fall of Classicality
	Irreversibility versus Demon
	Is Irreversibility Intrinsic?
	Demon versus Photon
	Backstory to Wave-Particle Duality
	Planck’s Fortunate Guess
	Bohr’s Correspondence Principle
	Born’s Statistical Interpretation
	Einstein’s Quandary
	Einstein’s Ghost Field
	Bohr-Einstein Debates Begin
	BKS Showdown over Quanta
	Measure and Meaning
	Whole Photon or Nothing
	Exact Conservation with Whole Photon or Nothing

	The Rise of the Measurement Problem
	The Characteristic Trait
	Johnny Goes to Göttingen
	Einstein und Bohr Verschränkten

	Free Will, Consciousness, and Soul
	Clockwork versus Free Will
	Consciousness and Free Will
	Search for the Soul, Mind and Consciousness

	Scientific Methodology
	Deductive versus Inductive Thought
	Radical Conservatism
	Bohr’s Atomic Model
	Backstory to Deductive Thought
	The World as a Collection of Facts
	Newton’s Hypotheses Non Fingo
	Deductive Reasoning Prevails
	Red Flags for Deduction

	From EPR to the Present
	The Quantum Triumvirate
	Quantum Demons
	Alone in a Dark Wood


	Appendix 5.A
	Details from The Fall of Classicality
	Issues in Bohr’s Complementarity
	Details from The Quantum Triumvirate
	Kraus Operators
	Quantum Trajectories and Jumps

	6 Scientific Approach
	Nexus of Knowledge
	Methodology of Deduction
	Summary
	Personality Traits
	The Backlash of Society
	Exercises

	7 Closed and Open System Approaches
	Schrödinger’s Equation
	Nonlinear Wave Function Theory
	Non-Linear Wave Function, Linear Density Operator Evolution
	Completely Positive Maps
	Theory and Classification of Measurement Operations
	Sharp Measurement
	Informationally Complete Measurement
	Repeatable Measurement
	Minimally Disturbing Measurement
	Back-Action Evading Measurement
	Non-Disturbing Measurement
	Non-Demolition Measurement
	Indirect Measurement
	Weak Measurement
	Protective Measurement
	Non-Local Measurement


	Closed System Approaches
	Considerations in Closed Systems

	Open System Approaches
	Considerations in Open Systems

	Exercises

	8 Conclusions
	Current Situation
	Future Work
	Summary

	9  Abbreviations
	10 Bibliography

