
Quantum       

Information

Relativity       

RQI

Robert B. Mann



Flat Space in Multiple Guises
Flat Minkowski Spacetime
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Rindler Space

Right Rindler Wedge (region I)

Left Rindler Wedge
 (region II)

Future Rindler 
Wedge (region F)

Past Rindler 
Wedge (region P)
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Rindler Observers

Proper velocity

Proper acceleration

Uniform acceleration for
all time!
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Acceleration Radiation
Minkowski Spacetime

Minkowski Observer

Rindler Observer

Temperature

and



Acceleration Radiation

• A uniformly accelerated detector of scalar particles 
experiences  a thermal bath of scalars (Unruh effect)

• A uniformly accelerated detector/observer in right 
Rindler wedge is causally disconnected from the left 
wedge èany state (such as the vacuum state) 
detected by this observer is obtained by tracing over 
the degrees of freedom in the left wedge

• Yields a mixed state from the perspective of the 
accelerated  observer è entropy coming from  
entanglement between modes from left and right 
wedges



The Quantum Vacuum

• Not unique – depends on motion of observer

• Has surprising properties that are best explained by 
introducing 3 notions of operators
– Field operator: acts over all of spacetime
– Local operator: zero outside of a bounded region of 

spacetime
• Obtain from field operator using smearing functions

– Quasi-local operator: exponentially decays with distance 
outside of bounded region of spacetime



The Quantum Vacuum

• Vaccum can be replaced by any state of finite energy

– No states of finite energy in a bounded region that can’t be 
obtained from local operators
• Everything is connected to the vacuum
• No states are isolated from the vacuum

• No local operator annihilates the vacuum
– local operators cannot annihilate the vacuum without being 

completely trivial everywhere
– if a detector is modeled using local operator(s)  then that 

detector must have a finite probability to `click' in a vacuum 
à it must have `dark counts'. 



The Quantum Vacuum
• Vaccum cannot give zero response

– Standard energy conditions cannot be satisfied

– Some states must have locally negative energy density
– Examples include squeezed states of electromagnetic 

fields

• Vacuum correlations rapidly decay



Density Matrices
• Quantum analogue of a probability distribution

Quantum State Density Matrix

Necessary Properties

Any matrix satisfying 
these conditions is a 
valid density matrix 

Mixed State:

Pure State:

Expectation Value:



Qubits
The Simplest Quantum Systems

Photon Polarization

Linear

Bloch Sphere

Circular



Mixed State:

Pure State:



Entangled state: 

Examples of Pure Density Matrices

Separable state: 



Prepare using Local Operations 
and Classical Communication 
(LOCC)

Separable state:

Entangled state: 
Defined as non-separable

Describing Entanglement

Maximal correlations when 
measured in any basis

Cannot be prepared by LOCC

Non-local correlations when 
measured in any basis



Quantifying Entanglement

Entropy no longer quantifies entanglement….

Schmidt decomposition

For pure states:

Measure of entanglement: von-Neumann entropy

Reduce

No analogous Schmidt 
decomposition

Problem: mixed states



Mixed State Entanglement

Necessary separability condition: 
The partial transpose of the density matrix has 
positive eigenvalues if the state is separable.

Separable state:

Mutual information

Total correlations quantum + classical

To  determine separability is easy

To measure entanglement is not



• Formation Entanglement EF                (Bennett et al) 
The least expected 
entanglement for any 
ensemble of pure states 
with  r as the density 
matrix

Maximum asymptotic 
yield of singlets that can 
be produced from the 
mixed state via LOCC

Entanglement relative to 
the unentangled mixed 
state

• Relative entropy of entanglement ER (Vadral & Plenio)

• Distillable Entanglement ED                      (Bennett et al)

Measures of Entanglement 



A measure of 
how much partial 
transposition fails 
to be positive

Upper bound on all 
entanglement!

Negativity

Logarithmic
Negativity

Can show



Detectors

• Provide an operational means of probing the 
quantum character of spacetime

•  Do not require “global methods”
– Horizons
– Eternal acceleration

• Can work in situations of reduced symmetry
• Transferable to curved spacetime



Quantum Detectors

interactionfielddetector

Vacuum

Cavity
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Detector Formalism

monopole operatorswitcher

Consider multiple detectors

two 
detectors



Local
excitations

Non-Local
correlations

Concurrence

Local
correlations

Negativity


