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What is RQI?
• How do relativistic effects influence quantum 

information tasks?

• How do quantum information concepts inform us 
about the fundamental structure of the universe?



Pre-History

Inertial Frames:
• Entanglement is constant between inertially moving 
observers
• Some degrees of freedom can be transferred to others

Non-Inertial Frames:
•Teleportation fidelity decreases as acceleration 
increases
•For a bipartite system entanglement degrades as 
acceleration increases
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Quantum Field Theory in Curved Spacetime:
• Particles are observer dependent concepts
• Non-inertial detectors experience heat bath
• Black Holes radiate
• de Sitter spacetime is “hot” 
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QFT in Curved Spacetime

• Gravity is assumed to be classical
• Fields are assumed to be quantum
• Basic idea is to quantize fields in the desired classical 

spacetime
• Seems straightforward, but
– Can’t relay on flat-space Poincare symmetry
– Definition of the vacuum is a subtle concept
– Different observers disagree on the notion of particle
– Not clear how to deal with time-dependent spacetimes
– Relationship between local and global effects 



Key Assumptions Mathur 2009



Niceness Conditions

• Quantum properties of 
spacetime can be neglected

• Gravitational effects of 
quantum matter can be 
neglected

• Assumptions remain valid over 
a finite time interval



Classical Scalar Fields

Action

Field Eqn

Stress Energy

Conjugate 
Momentum

Hamiltonian



Scalar Field Quantization
Equal Time Commutation Relation

Covariantly independent of spatial slice
vanishes if (x,y) are spacelike separated



• Spin-statistics theorem:  bosons have integer spin, 
fermions half-integer spin

• Particle/antiparticle symmetry: mass, lifetime, and 
magnetic moments are same for both a particle and its 
antiparticle

Consequences of Locality



Positive and Negative Frequency
Conserved Current

Inner Product

Positive Frequency Solutions

Negative Frequency Solutions
All Solutions



The Vacuum

The vacuum

Fock space 
   span of all 

     such states



Mode Decomposition

positive frequency modes negative frequency modes



Orthonormal Basis



Energy and Momentum

Energy

Momentum

eliminate 
zero point 

contribution

Energy eigenvalue eqnMultiparticle state



Bogoliubov Transformations

space of positive 
frequency solutions 

is not unique

Bogoliubov 
Transformation

Two different 
particle 

interpretations of 
field excitations! 



Particle Production

Commutation 
Relations



Particle Creation and Observer-
Dependent Radiation

• Flat space vacuum: state of no particles
• Minkowski vacuum

• Accelerating Observers: Minkowski vacuum is 
detected as a thermal bath of particles

• How is this possible since there is no spacetime 
curvature?

• What is the meaning of a thermal system?



Thermality in Field Theory

trace over 
mircrostates 
of the system

Temperature

Kubo-Martin-Schwinger
(KMS) Condition

Finite # of 
degrees of 
freedom

• Thermal state in curved space-time
• Same as above for finite systems
•  If KMS holds:

• free energy is locally minimized
• any finite system coupled to an infinite 

system will come into thermal 
equilibrium with that system



Green’s Functions

Time Ordered Green’s Function for Scalars complex t-plane

KMS Condition





Hot Flat Space
Flat Minkowski Spacetime

KG Green’s function in 
Minkowski Spacetime can be 

periodic in imaginary time 
with any desired period
à Can have fields at any 

desired finite temperaturearbitrary



Flat Space in Multiple Guises
Flat Minkowski Spacetime



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


