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Motivation Introduction 

Spatial entanglement

Same time correlations between

different spatial regon.

Essential role in:

• Quantum Phase Transitions

• Quantum Information Theory

• Proxy for ergodicity in out-of-

equilibrium dynamics
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Spatial entanglement

Same time correlations between

different spatial regon.

Essential role in:

• Quantum Phase Transitions

• Quantum Information Theory

• Proxy for ergodicity in out-of-

equilibrium dynamics

Temporal Entanglement

Measures correlations of

constituents across different

temporal regions.

Connected to:

• Equilibration and thermalization

• Geometric information

(holographic theories)
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Motivation Introduction 

Q1: Can we measure temporal entanglement in experiments?
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Motivation Introduction 

Q1: Can we measure temporal entanglement in experiments?

Q2: What information about the system can we learn from it?
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Spatial and Temporal

Entanglement



Diagrams Spatial and Temporal Entanglement 

Most quantities can be found through the trace of the initial density

matrix 𝜌0, the unitary evolution operator 𝑈(𝑡) and some combination of

operators {𝑂𝑗}.
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Diagrams Spatial and Temporal Entanglement 

Most quantities can be found through the trace of the initial density

matrix 𝜌0, the unitary evolution operator 𝑈(𝑡) and some combination of

operators {𝑂𝑗}.

⟨𝑂̂𝑛(𝑡)⟩ = tr(𝜌(𝑡)𝑂̂𝑛) =
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Spatial entanglement Spatial and Temporal Entanglement 

It is characterised by space-like cut in the partition function dividing the

space in subsystem 𝐴 and 𝐵.

𝜌𝐴(𝑡) = tr𝐵(𝑠)(𝑈†(𝑡)𝜌0𝑈(𝑡)) = =

cut

Renyi entropies quantify the entanglement of a system,

𝑆𝛼(𝑡) = 1
1 − 𝛼

log(Tr(𝜌𝐴(𝑡)𝛼))
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Temporal entanglement Spatial and Temporal Entanglement 

It is characterised by time-like cut in the partition function dividing the

time in subsystem (0, 𝑡) and (𝑡, 𝑇 ).

The reduced transition matrix 𝜏(𝑡, 𝑇 ) acts similarly to the reduced desity

matrix 𝜌𝐴(𝑡).

𝜏(𝑡, 𝑇 ) =

cut

T − t

t

Analogous quantity with a 90 degree rotation.
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Measurement protocol Spatial and Temporal Entanglement 

𝒯𝛼(𝑡)𝑂𝑗
= tr[(𝜏𝑂̂(𝑡, 𝑇 ))𝛼] trace of reduced transition matrix

𝒮𝛼(𝑡)𝑂𝑗
= 1

1 − 𝛼
log[𝒯𝛼(𝑡)𝑂𝑗

] generalized temporal entropies

Aleix Bou-Comas Measuring temporal entanglement | arXiv:2409.05517 23rd of October 2025 9 / 19



Measurement protocol Spatial and Temporal Entanglement 

𝒯𝛼(𝑡)𝑂𝑗
= tr[(𝜏𝑂̂(𝑡, 𝑇 ))𝛼] trace of reduced transition matrix

𝒮𝛼(𝑡)𝑂𝑗
= 1

1 − 𝛼
log[𝒯𝛼(𝑡)𝑂𝑗

] generalized temporal entropies

for 𝛼 ∈ ℕ, 𝒮𝛼 accessible in experiment ⇒ replica trick:

two (𝛼 = 2) copies of the same system
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Measurement protocol Spatial and Temporal Entanglement 
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Results



Results 

1: Generalized temporal entropies are real valued
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proves of geometric quenches

Aleix Bou-Comas Measuring temporal entanglement | arXiv:2409.05517 23rd of October 2025 12 / 19



Results 

1: Generalized temporal entropies are real valued

2: Generalized temporal entropies can be interpreted as dynamical

proves of geometric quenches

3: Generalized temporal entropies can be measured in state-of-the-art

quantum simulators.
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Numerical results



Ising model Numerical results 

𝐻 = −𝐽 ∑
𝑁−1

𝑛=1
𝜎𝑥

𝑛𝜎𝑥
𝑛+1 + ∑

𝑁

𝑛=1
𝑔𝜎𝑧

𝑛 + ℎ𝜎𝑥
𝑛,

𝑁 = 40, 𝑔
𝐽

= 0.4 (FM)

𝑂̂𝑛 = 𝜎𝑥
𝑛

𝒯2(𝑡, 𝑇 )𝑂̂𝑗
=

tr[𝑂̂(1)
𝑗 ⊗ 𝑂̂(2)

𝑗 𝜌(1,2)(𝑡, 𝑇 )]

⟨𝑂̂𝑗(𝑇 )⟩
2
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Decay of the soft mode (𝑞 = 0) Numerical results 

Ferromagnetic phase 𝑔
𝐽 = 0.4

Integrabilty ⇔ gap

Paramagnetic phase 𝑔
𝐽 = 1.5

Integrabilty ⇔ exponential decay

of gap (𝑂̂𝑛 = 𝜎𝑧
𝑛)
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Thanks for your attention!
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