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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”
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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 A 2-qubit state is a
is a 4x4 matrix. 4Ax4 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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Take the partition function of a free fermionic QFT:

HHH/@CM k)dipo., (k) e A[P] = D[, T]

with the action
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D, (T)=1ip (iwn + fyofyjkj + mvo) wn = (2n+ 1)7T

After some manipulations:

k n=—o0

Lan( =) f: In det p(k J kn = (iwn, k)

with

0
le(kn) = (%n Iklgfb),y J This is the central quantity for everything.




Qubits in free fermionic QFTs

pk) = g (k)*yo |t.IS dl.rectly linked tq the Feynma.n propaga.tor (V|rtu.al part.lcles).
4k0 F Since it’s a 4x4 matrix, a connection to qubits states is possible.




Qubits in free fermionic QFTs

S(k) — (k2 — m2) G (k)0 It is directly linked to the Feynman propagator (virtual particles).
P ( ) N 40 F ( )7 Since it’s a 4x4 matrix, a connection to qubits states is possible.
4 )
Key point:

This is also a Dirac
spinorin the rest
frame.

- J

Recall the computational 0) — 1 00" — 10 0 —
basis of a qubit: ) (O) E> 00) = 10) ® |0)

SO O




Qubits in free fermionic QFTs

S(k) — (k2 — m2) G (k)0 It is directly linked to the Feynman propagator (virtual particles).
P ( ) N 40 F ( )7 Since it’s a 4x4 matrix, a connection to qubits states is possible.
4 )
Key point:

This is also a Dirac
spinorin the rest
frame.

- J

Recall the computational 0) — 1 00" — 10 0 —
basis of a qubit: 0) () E> 00) = [0) ® |0)

SO O

Energy and spin projectors (Bjorken and Drell notation):

14 (=1)*2yg

AAp) = = [ AE)S(A) = Az As) (Mg Al ]

)\E is a plus/minus energy sign qubit
2-qubit projector where:

)\5 is a spin up/down qubit



Qubits in free fermionic QFTs

S(k) — (k2 — m2) G (k)0 It is directly linked to the Feynman propagator (virtual particles).
P ( ) N 40 F ( )7 Since it’s a 4x4 matrix, a connection to qubits states is possible.
4 )
Key point:

This is also a Dirac
spinorin the rest
frame.

- J

Recall the computational 0) — 1 00" — 10 0 —
basis of a qubit: ) (O) E> 00) = 10) ® |0)
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Energy and spin projectors (Bjorken and Drell notation):

A(Ag) = L+ (=)0

|:> [ A(AE)E()\S) — |>‘E )‘8> <>‘E >‘8| ]

)\E is a plus/minus energy sign qubit
2-qubit projector where:

)\E’ )\S < {0’ 1} )\5 is a spin up/down qubit
Example: O 0 0 0
’01> <01’ . 0O 1 0 O |:> positive energy & spin down spinor
10 0 0 O = 2-qubit quantum state
0O 0 0 O
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Qubits in free fermionic QFTs

Some facts about p(ky,):

iwn +m 0 k‘g kl — Zkg
v(k ) _ 1 0 an—l—m kl—l—’tkg —kg
PilEn 4iwn kg k’l — Zk‘g iwn —m O

k1 + tko —k3 0 Wy, — M

1

Z pijki(kn) 13, 5) (K, 1]

Intuitive properties:
Tr [)(kn)] — 1  (“probabilities” sum to 1)

k2+m2
’ |
('L'?%

_ 1
Tr_ﬁQ(k?n)] =7 (1 — ) <1 (mixed state)

Non-intuitive properties:

R 2 2
Complex probabilities 1 + 9 \/‘k| m |:> Not Hermitian: (lé(kn»T 7é ﬁ(kn>

(eigenvalues): 4 W,



Qubits in free fermionic QFTs

Performing the eigen decomposition for general momenta:
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Qubits in free fermionic QFTs

Performing the eigen decomposition for general momenta:

pk) = D Prpas [apa.) (Yapa.

AE,\s

Eigenvectors:

I [T (—1)*EaB .  Jwk+m ki o
Vrm ) :[ w—ke( ) Fa IAE As) with cosha = S and B__|?77

Lorentz boost to ,
3-momentum (—1)*7k Rest frame spinor

~
p(k) 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)
\_ /




Qubits in free fermionic QFTs

Eigenvalues:
Wk
Am A = kO
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p(k) is a well-defined (2-qubit) quantum state of a
virtual particle in momentum space.



Qubits in free fermionic QFTs

Eigenvalues:

L (=1)MEry [Tk:% ]

pAEaAS - 4

For |rx| <1, the eigenvalues are probabilities.

U

p(k) 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 p(k) is
separable, i.e.

k) = o @ pyy

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

The most interesting and important identity:

p( ) T TI‘[G_BDH]
(G. M. Quinta PRA 108)
Hamiltonian Inverse temperature
0 i0
—my + Ry —il 1+ rg
H = Tk ﬁD 2k0 " 1 — Tk

(eigenvalues {ko, ko, —ko, —ko})

This effortlessly leads to:

L, T Z Z In det p(k —42 Z In Tr[e~ PP

k n=—o0 k n=—o
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Effective action as qubit entropy

A fundamental quantity in Quantum Information is the von Neumann entropy:
S[M] = —Tr[M In M]
For a thermal state such as p(k), we have that

S[p] = —wiBp + In(Tr[e77H])

Miraculously, using zeta function regularization, one finds that

> Bplkn)wr, =0

n=—oo

leading immediately to the identity

[nmﬂzéwﬂ

spin

where we define the total qubit entropy 1
—4=(—-1)x2x2

S(T) - _42 Z S|p(kn)] fenﬁ:m [

Particle +
antiparticle

k n=—o




Vacuum energy as qubit entropy

Using the standard results from statistical physics
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Vacuum energy as qubit entropy

Using the standard results from statistical physics

(E(T)) = —% In Z(T) S(T) = %(T In Z(T))

we find that

In the zero-temperature limit, we have S(T) — 0, so

{ (E(0)) = lim TS(T) ]

T—0

The vacuum energy has an entropic origin
from virtual qubit fluctuations.
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Generalization to any spin

It is possible to evaluate S(T') explicitly:
S(T) = 22 [Bwi +21n (14 e P«x)]
k

The total qubit entropy is divergent in the 7" — 0 limit (as it should).

This also leads to the usual form for the vacuum energy
(E(0)) = 2%1%Zwk
Finally, for a free quantum field X of any spin, we have

InZ,(T) = % Z [Bwr 4+ 2In (1 + e—ﬁwk)]

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

— NXZ Z Slp(k

k n=—o0




Summation of the momentum modes

The summation in k can be performed using any standard regularization.
E.g.: Two infinite parallel plates in 3 spatial dimensions:
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Summation of the momentum modes

The summation in k can be performed using any standard regularization.
E.g.: Two infinite parallel plates in 3 spatial dimensions:
dkidks
>, A s
(27)
k17k27k3

Boundary conditions impose the k3 modes to be quantized as (k3),, = .,

L
o) =-"5= [ d‘;f?zwn

N X
1440L3

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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