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M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 1 / 41



Introduction

• Mesoscopic conductors in the quantum Hall regime

• Single-electron tomography through first-order electronic coherence
▶ Grenier et al., New J. Phys. 13, 093007 (2011)

▶ Bisognin et al., Nat. Comm. 10, 3379 (2019)

▶ Roussel et al., PRX Quantum 2, 020314 (2021)

• Entanglement witness transposable to second-order electronic coherence
▶ Wölk et al., Phys. Rev. A 90, 022315 (2014)

• Yesterday: P. Degiovanni’s talk on two-electron photo-assisted tomography protocol
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Introduction

• Accessing two-electron coherence =⇒ probing electronic entanglement

• Theoretical collision model between two electronic wavepackets

▶ pure state wavefunctions: Landau wavepackets (lorentzian energy distribution)

▶ coherent collision: no energy leaks to the environment

▶ high-energy electrons: no perturbation of the Fermi sea
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Outline

1. Electronic coherences and their representations
1.1 First-order electronic coherence function
1.2 Second-order electronic coherence function

2. Coherent collision of two electronic excitations
2.1 Interaction model for two-electron scattering
2.2 Collision of two Landau wavepackets

3. Entanglement generation and detection
3.1 Cauchy-Schwarz entanglement witness
3.2 Signatures of collision-induced entanglement

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 4 / 41



1. Electronic coherences and their representations

Outline

1. Electronic coherences and their representations
1.1 First-order electronic coherence function
1.2 Second-order electronic coherence function

2. Coherent collision of two electronic excitations
2.1 Interaction model for two-electron scattering
2.2 Collision of two Landau wavepackets

3. Entanglement generation and detection
3.1 Cauchy-Schwarz entanglement witness
3.2 Signatures of collision-induced entanglement

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 5 / 41



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

G(1e)
ρ̂ (t+ | t−) =

〈
ψ̂†(t−) ψ̂(t+)

〉
ρ̂
= Tr

(
ρ̂ ψ̂†(t−) ψ̂(t+)

)
• Overlap between two single-electron quantum paths (+ and −)

• Two contributions to the coherence:

▶ Fermi sea coherence: G(1e)
F (t+ | t−) =

〈
ψ̂†(t+) ψ̂(t−)

〉
F

▶ excess intrinsic coherence: ∆G(1e)
ρ̂ (t+ | t−)

• Useful to access the dynamics of the system

G(1e)
ρ̂ = G(1e)

F +∆G(1e)
ρ̂
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1. Electronic coherences and their representations

1.1. First-order electronic coherence function

• Entanglement in energy =⇒ representation in the conjugate space

G̃(1e)
ρ̂ (ω+ |ω−) =

∫
R2

d2tG(1e)
ρ̂ (t+ | t−) e i(ω+t+−ω−t−)

• Classical and quantum components:

▶ ω+ = ω−: diagonal coherence =⇒ classical energy probability distribution

▶ ω+ ̸= ω−: off-diagonal coherence =⇒ quantum nature of the single-electron state

• Nature of the electronic-excitations (content in energy)
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1. Electronic coherences and their representations

1.1. First-order electronic coherence function

• Hybrid representation in the time-frequency domain =⇒ Wigner function

• Classical and quantum variables:

{
t = 1

2(t
+ + t−)

τ = t+ − t−
and

{
Ω = ω+ − ω−

ω = 1
2(ω

+ + ω−)

• New description: G(1e)
ρ̂ (t+ | t−) 7→ G(1e)

ρ̂ (t | τ) and G̃(1e)
ρ̂ (ω+ |ω−) 7→ G̃(1e)

ρ̂ (Ω |ω)

W(1e)
ρ̂ (t |ω) = vF

∫
R
dτ G(1e)

ρ̂ (t | τ) e iωτ = vF

∫
R

dΩ

2π
G̃(1e)
ρ̂ (Ω |ω) e−iΩt
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1. Electronic coherences and their representations

1.1. First-order electronic coherence function

• Wigner function of a periodic source

▶ Fermi sea (population n = 1) for ω τL < 0

▶ vacuum (population n = 0) for ω τL > 0

• Mesoscopic capacitor: Landau excitations

▶ 1 period ⇐⇒ 1 electron and 1 hole

▶ values under 0 and above 1

▶ interference fringes / ripples

quantum regime
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

• Distinguishible electrons in two separate channels (A and B): inter-channel coherence

G(2e)
ρ̂AB

(t+A , t
+
B | t−A , t

−
B ) =

〈
ψ̂†
A(t

−
A ) ψ̂†

B(t
−
B ) ψ̂B(t

+
B ) ψ̂A(t

+
A )

〉
ρ̂AB

• Representation in the energy space via Fourier transform

G̃(2e)
ρ̂AB

(ω+
A , ω

+
B |ω−

A , ω
−
B ) =

∫
R4

d4tG(2e)
ρ̂AB

(t+A , t
+
B | t−A , t

−
B ) e i(ω

+
A t

+
A +ω+

B t
+
B −ω−

A t−A −ω−
B t−B )

• Overlap between two two-electron quantum paths =⇒ 4D-function

▶ find a 3D representation: better visualization in the conjugate space
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

• Starting point: G̃(2e)
ρ̂AB

(ω+
A , ω

+
B |ω−

A , ω
−
B )

• Classical and quantum variables for each channel

{
ωA = 1

2(ω
+
A + ω−

A )

ωB = 1
2(ω

+
B + ω−

B )
and

{
ΩA = ω+

A − ω−
A

ΩB = ω+
B − ω−

B

• Center of mass and relative particle for Ω-variables

ΩΣ = ΩA +ΩB and Ω∆ =
1

2
(ΩA − ΩB)

• New representation: G̃(2e)
ρ̂AB

(ωA, ωB |ΩΣ,Ω∆)

ω+
A

ω−
A

ω+
B

ω−
B

ΩA

ωA

ΩB

ωB
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

• Periodic electron source =⇒ ΩΣ = 2πnf , n ∈ N

• No DC drive on the photo-assisted filter =⇒ n = 0

G̃(2e)
ρ̂AB

(ωA, ωB |ΩΣ,Ω∆) 7→ G̃(2e)
ρ̂AB

(ωA, ωB |Ω∆)

• 3D representation: (ωA, ωB ,Ω∆) space

▶ (ωA, ωB): diagonal coherence (classical part)

▶ Ω∆: off-diagonal coherence (quantum part)

ωA

ωB

Ω∆
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1. Electronic coherences and their representations

1. Take-home messages

• Electronic coherence G(ne)
ρ̂ : overlap between two n-electron quantum paths

• Three main representations: real space, Fourier space and Wigner space

▶ energy entanglement =⇒ visualization in Fourier space

▶ Wigner time-energy representation to highlight quantum features

• Second-order coherence =⇒ 4D-function

▶ change of variables: source’s periodicity =⇒ one dimension fixed

▶ study in the (ωA, ωB ,Ω∆) 3D Fourier subspace: classical plane + quantum line
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• Second-order coherence =⇒ 4D-function
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2. Coherent collision of two electronic excitations

Outline

1. Electronic coherences and their representations
1.1 First-order electronic coherence function
1.2 Second-order electronic coherence function

2. Coherent collision of two electronic excitations
2.1 Interaction model for two-electron scattering
2.2 Collision of two Landau wavepackets

3. Entanglement generation and detection
3.1 Cauchy-Schwarz entanglement witness
3.2 Signatures of collision-induced entanglement
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2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Quantum Hall edge-channels (ν = 2)

▶ two 1D co-propagating channels

▶ ballistic propagation (vF ∼ 105m · s−1)

• Coulomb interaction between electrons

▶ finite interaction region (L ∼ 10−6m)

▶ traversal time τL = L
vF

∼ 10−11s

▶ unscreened capacitive coupling in the coupler

C

cgA

cgB

ωA

ωB

Ain Aout

Bin Bout
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2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Electrostatic energy for each configuration

▶ (nA, nB) = (1, 0): EA = e2

2 C
−1
A

▶ (nA, nB) = (0, 1): EB = e2

2 C
−1
B

▶ (nA, nB) = (1, 1): EAB = e2

2

(
C−1
A + 2C−1

AB + C−1
B

)

• Interaction energy: Eint = EAB − (EA + EB)

• Coupling parameter α = − τL
ℏ Eint (αexp ∼ 8.5)

C

cgA

cgB

Ain Aout

Bin Bout

Ain Aout

Bin Bout

Ain Aout

Bin Bout


CA =

C(cgA+cgB)+cgAcgB
C+cgB

CB =
C(cgA+cgB)+cgAcgB

C+cgA

CAB =
C(cgA+cgB)+cgAcgB

C
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2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Propagator describing the model

K (toutA , toutB | t inA , t inB ) = δ
(
toutA − (t inA + τL)

)
δ
(
toutB − (t inB + τL)

)
e iφAe iφB e iφAB(t

in
A−t inB )

▶ δ-functions: propagation time fixed to τL in both channels

▶ Self-induced phases
(
φA = − τL

ℏ EA, φB = − τL
ℏ EB

)
: the electron feels its own potential

▶ Interaction phase: φAB(t
in
A − t inB ) = − α

τL

(
τL − |t inA − t inB |

)
Θ
(
τL − |t inA − t inB |

)

• Phase accumulation =⇒ energy transfers between electrons
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2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Landau wavepacket: emitted by single-electron source

• Lorentzian distribution in energy

ψ̃(ω) =
√
γ

e−iωt0

ω − ω0 + i γ2
with


γ width

t0 injection time

ω0 center frequency

• Decreasing exponential distribution in time

ψ(t) =
√
γ e iω

0(t−t0)e−
γ
2
(t−t0)Θ(t − t0)

γ

t0

ω0
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ω0 center frequency

• Decreasing exponential distribution in time

ψ(t) =
√
γ e iω

0(t−t0)e−
γ
2
(t−t0)Θ(t − t0)

γ

t0

ω0

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 18 / 41



2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Landau wavepacket: emitted by single-electron source

• Lorentzian distribution in energy

ψ̃(ω) =
√
γ

e−iωt0

ω − ω0 + i γ2
with


γ width

t0 injection time

ω0 center frequency

• Decreasing exponential distribution in time

ψ(t) =
√
γ e iω

0(t−t0)e−
γ
2
(t−t0)Θ(t − t0)

γ

t0

ω0

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 18 / 41



2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Landau wavepacket: emitted by single-electron source

• Lorentzian distribution in energy

ψ̃(ω) =
√
γ

e−iωt0

ω − ω0 + i γ2
with


γ width

t0 injection time

ω0 center frequency

• Decreasing exponential distribution in time

ψ(t) =
√
γ e iω

0(t−t0)e−
γ
2
(t−t0)Θ(t − t0)

γ

t0

ω0

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 18 / 41



2. Coherent collision of two electronic excitations

2.1. Interaction model for two-electron scattering

• Landau wavepacket: emitted by single-electron source

• Lorentzian distribution in energy

ψ̃(ω) =
√
γ

e−iωt0

ω − ω0 + i γ2
with


γ width

t0 injection time

ω0 center frequency

• Decreasing exponential distribution in time

ψ(t) =
√
γ e iω

0(t−t0)e−
γ
2
(t−t0)Θ(t − t0)

γ

t0

ω0

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 18 / 41



2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

G̃(2e)
ρ̂AB

(ω+
A , ω

+
B |ω−

A , ω
−
B ) = Sω0

A,ω
0
B
(ω+

A , ω
+
B ) Sω0

A,ω
0
B
(ω−

A , ω
−
B )

∗

• Scattering matrix: Sω0
A,ω

0
B
(ωA, ωB) =

〈
ϕ̃(ωA, ωB)

∣∣∣ K̂ ∣∣∣ψ̃(ω0
A, ω

0
B)

〉

▶ input wavepackets: two-electron state sent in the collision model

▶ propagator: effect of the collision on the input state

▶ plane waves: detection at a given (punctual) energy

G̃(2e)
ρ̂AB

(ω+
A , ω

+
B |ω−

A , ω
−
B ) =

∫
R4

d4t e iω
+·t+K (t+| t0)ψ(t0) e−iω−·t−K (t−| t0)∗ψ(t0)∗
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Diagonal coherence (energy probability distribution)

▶ Lateral lobes: energy transfers A → B and B → A

▶ spread along ω∆ = 1
2 (ωA − ωB): energy conservation

ωA

ωB

Ω∆

ω∆

Collision
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Evolution with coupling parameter α

▶ lobes around ωτL = ±α: exchanged energy increases with α

▶ α too weak =⇒ lobes not clearly resolved

ωA

ωB

Ω∆

α = 0 α = 3 α = 5 α = 10
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Influence of the injection time offset t0∆ = t0A − t0B

▶ 0 < t0∆ < τL =⇒ one transfer preferred over the other

▶ t0∆ > τL: electrons don’t see each other (G̃(2e)
ρ̂AB ,out

= G̃(2e)
ρ̂AB ,in

)

ωA

ωB

Ω∆

t0∆ = 0 t0∆ = 0.5 τL t0∆ = τL t0∆ = 5 τL
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Snowplough effect: the late electron takes energy from the first electron

▶ first electron polarizes other channel =⇒ accelerates second electron

▶ reverse process: second electron slows first electron down

t0∆ = t0A − t0B > 0

–

+ + + + –

+ + + +

ωA

ωB

Ain Aout

Bin Bout
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Off-diagonal coherence (quantum component)

▶ vertical lobes: interferences between lateral lobes

▶ fringes: interferences central structure / lateral lobes

ωA

ωB

Ω∆

ω∆

Collision
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Evolution with coupling parameter α

▶ diamond shape growing with α: Cauchy-Schwarz inequality

▶ vertical lobes at Ω∆τL = ±2α: quantum component ∝ coupling

▶ more interference fringes for high α: more exchange processes

ωA

ωB

Ω∆

α = 0 α = 3 α = 5 α = 10
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▶ more interference fringes for high α: more exchange processes
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2. Coherent collision of two electronic excitations

2.2. Collision of two Landau wavepackets

• Influence of the injection time offset t0∆

▶ snowplough effect =⇒ fading of corresponding lobes and fringes

▶ t0∆ ≫ τL: coherence collapses to its input value ( ⇐⇒ α = 0)
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2. Coherent collision of two electronic excitations

2. Take-home messages

• Coherent collision between electrons in two ballistic channels

▶ input state: two Landau wavepackets (lorentzian profile in energy)

▶ Coulomb interaction: interaction-phase proportional to coupling parameter α

▶ energy transfer from the electron in one channel to the electron in the other

• Structure of the second-order coherence in the (ωA, ωB) and (ω∆,Ω∆) planes

▶ diagonal (classical) plane: energy exchange processes =⇒ lateral lobes

▶ off-diagonal (quantum) line: processes’ coherent superposition =⇒ lobes and fringes

▶ injection-time offset =⇒ energy transfers become asymmetric
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3. Entanglement generation and detection

Outline

1. Electronic coherences and their representations
1.1 First-order electronic coherence function
1.2 Second-order electronic coherence function

2. Coherent collision of two electronic excitations
2.1 Interaction model for two-electron scattering
2.2 Collision of two Landau wavepackets

3. Entanglement generation and detection
3.1 Cauchy-Schwarz entanglement witness
3.2 Signatures of collision-induced entanglement
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3. Entanglement generation and detection

3.1. Cauchy-Schwarz entanglement witness

• Witness ̸= criterion: conclusion only if the witness is violated

• Second-order coherence: expectation value of four creation / annihilation operators

• Comparing three points of the whole Fourier space

▶ LHS: squared norm of the coherence at any point of the four-dimensional space

▶ RHS: product of coherences at two points in the two-dimensional diagonal plane
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2 Â2 B̂1 B̂
†
1⟩sep

• Second-order coherence: expectation value of four creation / annihilation operators

• Comparing three points of the whole Fourier space

▶ LHS: squared norm of the coherence at any point of the four-dimensional space

▶ RHS: product of coherences at two points in the two-dimensional diagonal plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 29 / 41



3. Entanglement generation and detection

3.1. Cauchy-Schwarz entanglement witness

• Witness ̸= criterion: conclusion only if the witness is violated
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3. Entanglement generation and detection

3.1. Cauchy-Schwarz entanglement witness

• Cauchy-Schwarz inequality (̸= witness) also constrains coherence

• Geometric interpretation of the witness

▶ input state: centered at (ω0
A, ω

0
B) in the diagonal plane

▶ C.S. inequality: coherence diamond around the input state

▶ witness LHS (output state): anywhere in the coherence diamond

▶ witness RHS: on both sides of the diamond in the diagonal plane

• RHS points outside of the diamond =⇒ witness violated

ωA

ωB

Ω∆

ω∆
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• LHS - RHS: positive ⇐⇒ violated

• Two violation regions

▶ t0∆ ≃ 0: large energy exchanges (off-diagonal)

▶ t0∆ ≳ τL: small exchanges (closer to diagonal)

• t0∆ ≫ τL =⇒ electrons don’t interact anymore

• Entanglement detection even when t0∆ > τL!
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Evolution with coupling parameter α

▶ α = 0: no interaction =⇒ both members of the witness are equal

▶ lobes at t0∆ = 0 centered around Ω∆τL = ±2α: interaction creates off-diagonality

▶ nearly-diagonal violation region very resilient: present for all non-zero coupling strengths

α = 0 α = 3 α = 5 α = 10
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Evolution with wavepackets’ spectral width γ (wavepacket’s duration: τ0 =
1
γ )

▶ long wavepackets (small γ) =⇒ coherence concentrated around diagonal plane

▶ short wavepackets (large γ): more energy exchange processes =⇒ off-diagonal coherence

▶ increasing γ limits temporal overlap between wavepackets =⇒ signal fades quicker

γ = 1
τL

γ = 2
τL

γ = 3
τL

γ = 4
τL
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣW(2e)

ρ̂AB
(tΣ, t∆ |ωΣ, ω∆)

∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣW(2e)

ρ̂AB
(tΣ, t∆ |ωΣ, ω∆)

∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣ

W(2e)
ρ̂AB

(tΣ, t∆ |ωΣ, ω∆)

∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣ

W(2e)
ρ̂AB

(tΣ, t∆ |ωΣ, ω∆)

∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣ

W(2e)
ρ̂AB

(tΣ, t∆ |ωΣ, ω∆)
∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣW(2e)

ρ̂AB
(tΣ, t∆ |ωΣ, ω∆)

∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Time-frequency representation: Wigner function of the two-electron state

W(1e)
∆ (t∆ |ω∆) =

∫
R
dtΣW(2e)

ρ̂AB
(tΣ, t∆ |ωΣ, ω∆)

∣∣∣
ωΣ=ω0

A+ω0
B

• Quantum correlations =⇒ off-diagonal coherence: quantum variables

▶ fix the energy of the center of mass to its initial value

▶ integrate along the time of the center of mass

• Wigner function for the relative particle: coherence in the 2D (t∆, ω∆) plane

M. Paulet (ENS Lyon) Collision-induced electronic entanglement May 19, 2026 34 / 41



3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• t∆ (conjugate of Ω∆) ̸= t0∆ (injection times offset)

• Quantum features visible in the time-energy domain

▶ positive lobes: coherent energy exchange processes

▶ interferences fringes: coherent exchange processes

▶ negativities ⇐⇒ quantum effects

• Wigner representation highlights entanglement!
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Evolution with coupling parameter α

▶ α = 0: no interactions =⇒ diagonal coherence and no negativities

▶ Positive lobes around ω∆τL = ±α: transferred energy increases with α

α = 0 α = 3 α = 5 α = 10
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Influence of the injection time offset t0∆

▶ 0 < t0∆ < τL: one energy exchange process is privileged (snowplough effect)

▶ t0∆ ≫ τL: coherence collapses to the non-interacting case (quantum effects disappear)

t0∆ = 0 t0∆ = 0.5 τL t0∆ = τL t0∆ = 5 τL
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Experimental realization: two-electron tomography

▶ two independent single-electron periodic sources: pure, separable input state

▶ coherent collision: controlled output state by entanglement generation

▶ photo-assisted filtering: recombine electrons to access off-diagonal coherence

▶ current correlations: reconstruct the coherence in the energy space

SA

SB

FA

FB

IAB
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3. Entanglement generation and detection

3.2. Signatures of collision-induced entanglement

• Experimental signal ∝ convolution between W(2e)
AB −W(1e)

A W(1e)
B and FAB

• Each point of (t0∆,Ω∆) =⇒ signal in the whole (ωe
A, ω

e
B) plane
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Conclusion

• Very simple model, but already a lot of interesting physics

• Cauchy-Schwarz witness =⇒ detection of collision-induced entanglement

• Methods and formalism can be generalized to more realistic models

▶ decoherence, exchanges with the environment, low-energy wavepackets

• How can one quantify the amount of created entanglement?

• Only one aspect of flying qubits dynamics: part of a more general approach!
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