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Motivation

In recent years, there has been an increased interest in the role that Quantum 
Information might play in Quantum Field Theory.

E.g. Interactions entangle helicity qubits, so QED may be an “information theory”



Motivation

More axiomatic approaches are top-down: they generalize Quantum 
Information quantities to be “approachable” by Quantum Field Theory 
(defining infinite dimensional QI quantities)

Here we use the simple facts

The Feynman propagator 
is a 4x4 matrix.

A 2-qubit state is a 
4x4 matrix.

to build a bottom-up approach.

The result is an understanding of fundamental QFT quantities (like 
the vacuum energy) in terms of qubits in a coarse-grained way.
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After some manipulations:

with

This is the central quantity for everything.

The free fermionic partition function 
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Qubits in free fermionic QFTs 

Recall the computational 
basis of a qubit: This is also a Dirac 

spinor in the rest 
frame.

Key point:

Energy and spin projectors (Bjorken and Drell notation):

is a plus/minus energy sign qubit

is a spin up/down qubit

2-qubit projector where:

Example:

positive energy & spin down spinor 
= 2-qubit quantum state 

It is directly linked to the Feynman propagator (virtual particles).
Since it’s a 4x4 matrix, a connection to qubits states is possible.



Qubits in free fermionic QFTs 

Some facts about            :



Qubits in free fermionic QFTs 

Some facts about            :

(mixed state)

(“probabilities” sum to 1)

Intuitive properties:



Qubits in free fermionic QFTs 

Some facts about            :

(mixed state)

(“probabilities” sum to 1)

Non-intuitive properties:

Intuitive properties:

Complex probabilities 
(eigenvalues):

Not Hermitian:



Performing the eigen decomposition for general momenta:
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Performing the eigen decomposition for general momenta:

Qubits in free fermionic QFTs 

Eigenvectors:

with and

Rest frame spinor
Lorentz boost to 
3-momentum 

is a combination of states with positive energy 
moving in the +k direction (qubits) and negative energy 

states moving in the –k direction (anti-qubits)
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Qubits in free fermionic QFTs 

Eigenvalues:

For                , the eigenvalues are probabilities. 

is a well-defined (2-qubit) quantum state of a 
virtual particle in momentum space. 

In this regime, one can use a positive partial transpose (PPT) test to check that           is 
separable, i.e.

Outside this regime, no one knows (Non-Hermitian non-positive-definite states have 
never been studied).



Temperature of virtual fermions

The most useful identity for this work:

Hamiltonian Inverse temperature

(eigenvalues )
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Temperature of virtual fermions

The most interesting and important identity:

Hamiltonian Inverse temperature

(eigenvalues )

This effortlessly leads to:

(G. M. Quinta PRA 108)
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Effective action as qubit entropy

A fundamental quantity in Quantum Information is the von Neumann entropy:

For a thermal state such as           , we have that

Miraculously, using zeta function regularization, one finds that

leading immediately to the identity 

where we define the total qubit entropy

fermion

spin

Particle + 
antiparticle



Using the standard results from statistical physics

we find that

Vacuum energy as qubit entropy



Using the standard results from statistical physics

we find that

In the zero-temperature limit, we have                  , so           

The vacuum energy has an entropic origin 
from virtual qubit fluctuations. 

Vacuum energy as qubit entropy
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It is possible to evaluate            explicitly:  

The total qubit entropy is divergent in the                limit (as it should).

This also leads to the usual form for the vacuum energy 

Finally, for a free quantum field      of any spin, we have 

so all results are still valid, provided we define the generalization 

Generalization to any spin
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Summation of the momentum modes

The summation in     can be performed using any standard regularization.

E.g.: Two infinite parallel plates in 3 spatial dimensions:

Boundary conditions impose the       modes to be quantized as                        :

which gives a finite energy density after summation in the momentum modes.



Conclusions

- The effective action of quantum fields of any spin can be expressed as a 
summation of qubit entropies of virtual quantum fluctuations;

- This was proven from first principles, so it represents a solid result to 
build more work upon;

- Although the entropy diverges for zero temperature, the result can be 
shown to be finite (more about this on the poster session with Prof. 
Antonino Flachi)

- Lots to explore here: interacting theories, curved space, possible new 
physical principles based on quantum information quantities
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