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> Grenier et al., New J. Phys. 13, 093007 (2011)
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> Roussel et al., PRX Quantum 2, 020314 (2021)

Entanglement witness expressed in terms of second-order electronic coherence
> Welk et al., Phys. Rev. A 90, 022315 (2014)

Two-electron tomography necessary to access entanglement via second-order coherence

Two-electron tomography protocol 4 application to electronic entanglement detection
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1. Electronic coherences and their representations
1.1 First-order electronic coherence function
1.2 Second-order electronic coherence function

2. Photo-assisted two-electron tomography
2.1 Two-electron tomography protocol
2.2 Reconstruction of the second-order coherence

3. Collision-induced electronic entanglement

3.1 Coherent collision of two Landau wavepackets
3.2 Signatures of electronic entanglement

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 3/29



1. Electronic coherences and their representations

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

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 3/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 4/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 4/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

e Overlap between two single-electron quantum paths (+ and —)

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 4/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

e Overlap between two single-electron quantum paths (+ and —)

e Decomposition into two contributions:

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 4/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

gl (et [ 7) = (PH(E7) (M), = Tr(pPH(£7) P(t))

e Overlap between two single-electron quantum paths (+ and —)
e Decomposition into two contributions:

> Fermi sea coherence: G\ (t+ |t~ = (W) D)),

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 4/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

gl (et [ 7) = (PH(E7) (M), = Tr(pPH(£7) P(t))

e Overlap between two single-electron quantum paths (+ and —)
e Decomposition into two contributions:
> Fermi sea coherence: G\ (t+ |t~ = (W) D)),

» excess intrinsic coherence: Agg‘*)(ﬁ [t7)

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 4/29



1. Electronic coherences and their representations

1.1. First-order electronic coherence function

gl (et [ 7) = (PH(E7) (M), = Tr(pPH(£7) P(t))
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1. Electronic coherences and their representations

1.1. First-order electronic coherence function

gl (et [ 7) = (PH(E7) (M), = Tr(pPH(£7) P(t))

e Overlap between two single-electron quantum paths (+ and —)

e Decomposition into two contributions:

» Fermi sea coherence: g,:)(t“r [t~

= (P (tN) D7),

G )
» excess intrinsic coherence: Agge)(ﬁ [t7)

>~
)

=g + ag

e Time-domain representation: access the dynamics of the system
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1. Electronic coherences and their representations

1.1. First-order electronic coherence function

e Energy entanglement (experimental reasons) = representation in conjugate space

g~/ge)(w+ W) = / d%t g/(se)(t+ 1) pllwrtt—w=t7)
R2

e Classical and quantum coherences:

» w™ = w™: diagonal coherence = classical energy probability distribution

» wt # w™: off-diagonal coherence = quantum nature of the single-electron state

e Fourier-domain representation: nature of electronic excitations (content in energy)
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1.1. First-order electronic coherence function

e Hybrid representation: time-frequency domain (Wigner function)

= L(pt 4 4
. . t=5(tT +t
e Classical and quantum variables: { 2 ) and {
t
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1.1. First-order electronic coherence function

e Hybrid representation: time-frequency domain (Wigner function)

S PORE —wt — W
) ) t=s=s(tT+t Q=w"—w
e Classical and quantum variables: 2( ) and 1
t w= 3w +w)

o New description: G87(t+ 7)== Gi9(t7) and G\ (w [w™) = G57(Q|w)
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1. Electronic coherences and their representations

1.1. First-order electronic coherence function

e Hybrid representation: time-frequency domain (Wigner function)

S PORE —wt — W
) ) t=s=s(tT+t Q=w"—w
e Classical and quantum variables: 2( ) and 1
t w= 3w +w)

o New description: G87(t+ 7)== Gi9(t7) and G\ (w [w™) = G57(Q|w)

(e) _ (e) iwT __ dQ ~(e) —iQt
Wy (t]w)—v,:/RdTgﬁ (t]7)e _VF/REQI3 (Q|w)e
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Inter-channel coherence: distinguishible electrons in two edge-channels (A and B)

~

Gag (8415 | 2. t5) = (h(t2) P (1) Ve (t5) Pa(t2)),,

e Energy-domain representation (4D Fourier transform)
N e I o S
g(2e (wAva |wA’wB / d*t g(2e)(t144r’ t; | th, tB) el(wAtA—l-wBtB wyty —wgtg)

e Qverlap between two two-electron quantum paths = 4D-function
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Inter-channel coherence: distinguishible electrons in two edge-channels (A and B)

~

Gag (8415 | 2. t5) = (h(t2) P (1) Ve (t5) Pa(t2)),,

e Energy-domain representation (4D Fourier transform)

g(z“" (wA,wB |wA,wB / d*t g(2e)(tj{, t; | th, tg) el (Watatwhts —waty —wg tg)
e Qverlap between two two-electron quantum paths = 4D-function
e Find convenient 3D representation to build a physical intuition
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Starting point: §g2§) (wj,wg \w;,wg)

e Classical and quantum variables for each channel ‘ ‘
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Starting point: §g2§) (wj,wg \w;,wg)
e Classical and quantum variables for each channel

_ + — o+ —
wp = (wA+wA) and Qa=w, —w,

1
2
3 (Wi +wp) Qg =wf —wp

wp =

wB
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Starting point: §g2§) (wj,wg \w;,wg)
e Classical and quantum variables for each channel

wa=3(watwa)

(wg +wp) Qp = wg —wp

.+ -
Qa=w, —w,

1
2
1
WB:§

wB
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Starting point: §g2§) (wj,wg \w;,wg)

e Classical and quantum variables for each channel

WA
_ 1+ - ot -
wA—ﬁ(wA+wA) Qa=w, —w,
1/ + o and \ N
wp = 3 (wg +wg) Qg = wp —wg
e Center of mass and relative particle for Q-variables wp
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Starting point: §g2§) (wj,wg \w;,wg)

e Classical and quantum variables for each channel

WA
wA:%(w:(+w;) QA:wj—w;
1/ + o and \ N
wp = 3 (wg +wg) Qg = wp —wg
e Center of mass and relative particle for Q-variables wp
1
Qs =Qa+ Qg and Qp = E(QA—QB)
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Starting point: §g2§) (wj,wg \w;,wg)

e Classical and quantum variables for each channel

WA
wA:%(wj\'+w;) QA:wj—w;
1/ + o and \ N
wp = 3 (wg +wg) Qg = wp —wg
e Center of mass and relative particle for Q-variables wp
1
Qs =Qa+ Qg and Qp = E(QA—QB)

e New representation: Q~£\2§) (wa,ws |5, Q)
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e From 4D volume to discrete collection of 3D hyperplanes
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Periodic electron source =— Qy =2nwnf,n €N

e From 4D volume to discrete collection of 3D hyperplanes

51(4236) (wAa wB | QZ: QA) = ’gv/(que,)n (CUA, wpB | QA)

e 3D representation: (wa,wg, ) space

» (wa,wp): classical coherence (diagonal plane)
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1. Electronic coherences and their representations

1.2. Second-order electronic coherence function

e Periodic electron source =— Qy =2nwnf,n €N

e From 4D volume to discrete collection of 3D hyperplanes

51(4236) (wAa wB | QZ: QA) = ’gv/(que,)n (CUA, wpB | QA)

e 3D representation: (wa,wg, ) space

» (wa,wp): classical coherence (diagonal plane)

» Qa: quantum coherence (off-diagonal line)
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2. Photo-assisted two-electron tomography
Outline

2. Photo-assisted two-electron tomography
2.1 Two-electron tomography protocol
2.2 Reconstruction of the second-order coherence
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2.1. Two-electron tomography protocol

e Access off-diagonal coherence: photo-assisted filtering
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Access off-diagonal coherence: photo-assisted filtering

J_ 7 » radiation coupler: |w) — >, .y pn|w + 27nf)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

@ e Access off-diagonal coherence: photo-assisted filtering

J_ » radiation coupler: |w) — >, .y pn|w + 27nf)

» quantum dot acting as an energy filter
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e Recombine virtual processes with different energies

» choose f so that w™ = w™ + 27f
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

@ @ e Access off-diagonal coherence: photo-assisted filtering

J_ 7 » radiation coupler: |w) — >, .y pn|w + 27nf)

» quantum dot acting as an energy filter

..........................

e Recombine virtual processes with different energies

» choose f so that w™ = w™ + 27f

» absorption of one photon hf on path " —"
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

@ @ @ e Access off-diagonal coherence: photo-assisted filtering
Jé_ f » radiation coupler: |w) — >, .y pn|w + 27nf)
: hf :

A @ » quantum dot acting as an energy filter

..........................

e Recombine virtual processes with different energies

» choose f so that w™ = w™ + 27f
» absorption of one photon hf on path " —"

> measure current at E = hw" = GO(wt |w™)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Full photo-assisted two-electron tomography setup
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Full photo-assisted two-electron tomography setup

SA ]:A

EQO SaB

SB ]:B
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Full photo-assisted two-electron tomography setup

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

Sa Fa

EQO SaB

SB Fs
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Full photo-assisted two-electron tomography setup

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

» electron quantum optics circuit: unitary evolution of the input state

Sa Fa
EQO Sag
Sg Fe
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Full photo-assisted two-electron tomography setup

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

» electron quantum optics circuit: unitary evolution of the input state

> two photo-assisted filters: recombine electrons to access off-diagonal coherence

Sa Fa
EQO SaB
Sg FB
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Full photo-assisted two-electron tomography setup

» two independent single-electron periodic sources: pure, separable two-electron input state
» electron quantum optics circuit: unitary evolution of the input state
> two photo-assisted filters: recombine electrons to access off-diagonal coherence

. . (2 .
> current correlations measurement: reconstruction of gﬁ‘g) in the energy space

SA ]:A

EQO SaB

SB ]:B
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Gaussian state = Wick's theorem: Q%eAB = Q g(e) g(e) Q,(;A)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
e Gaussian state = Wick's theorem: 5%‘*2\3 = 55‘6) é,(;) — ~ge’; 5,(3(2

e General case: Wick decomposition for the second-order coherence
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Gaussian state = Wick's theorem: Q%eAB Q g,(g g(e) Q,(;A)

e General case: Wick decomposition for the second-order coherence

G50 = ke + B
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
e Gaussian state = Wick's theorem: Q%eAB = 55“*) é,g g(e) Q,(;A)
e General case: Wick decomposition for the second-order coherence
g~£\23 gl(/zvei\s + AWg(ze)

» term given by Wick's theorem: coherence coming from single-electron physics
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2.1. Two-electron tomography protocol
e Gaussian state = Wick's theorem: 5%‘2\3 = 55“*) é,(;’) — Ke’; CA;,(;A)
e General case: Wick decomposition for the second-order coherence
Gag) = Gwoas + Dwlse
» term given by Wick's theorem: coherence coming from single-electron physics

» deviation to Wick's theorem: irreducible two-electron contribution
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
e Gaussian state = Wick's theorem: Q%eAB = 55“*) é,g g(e) Q,(;A)
e General case: Wick decomposition for the second-order coherence
~(2e) 2 (2
G = Giaths + AwGls)
» term given by Wick's theorem: coherence coming from single-electron physics

» deviation to Wick's theorem: irreducible two-electron contribution

e Not a non-interacting / interaction decomposition: interactions contribute to gle
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
e Gaussian state = Wick's theorem: Q%eAB = éﬁf) é,g g(e) Q,(;A)
e General case: Wick decomposition for the second-order coherence
~(2e) 2 (2
G = Giaths + AwGls)
» term given by Wick's theorem: coherence coming from single-electron physics

» deviation to Wick's theorem: irreducible two-electron contribution
e Not a non-interacting / interaction decomposition: interactions contribute to G

e Electronic entanglement can come from QNE\eg 5,(3 or A g(z“")
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e T-periodicity of the sources = singularities in g}(que’)W ( = g~£‘23 —A Q’(Qe)>
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e T-periodicity of the sources = singularities in Gvgzg?w ( = g~£‘23 —A Q’(Qe)>

e For a given Qy =27nf, n € Z:

/(428€)n 25 QA - 7T(2k ) ) gB n—k
kezZ

_Z‘S<“’A_7T(/_g) >gABIgBAn /

1eZ
+AwGe)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e T-periodicity of the sources = singularities in 51(4236)\/‘/

e For a given Qy =27nf, n € Z:

ffg)n > 5(Qa — m(2k -
keZ

1eZ
+AwGe)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e T-periodicity of the sources = singularities in g}(qz;}w ( = g~£‘23 —A Q’(Qe)>

e For a given Qy =27nf, n € Z: Qa

G =3 6(Qa — m(2k — n)f) G54 G, /\27#__ P wB/ B

keZ —~
— WA
n ()
_Z‘S<“’A_7T(/_§) )gABIgBAn / 1
I1€Z wA
+ 0wl --
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e T-periodicity of the sources = singularities in Qvgzg?w ( = g~£‘23 —A Q’(Qe)>

e For a given Qy =27nf, n € Z: Qa

Q%)n:Za(QA—n(M—n)f)g an P /KQW/f_ /wB/ "

kez = ]
A
- 5<WA - ”(/ > > gAB IgBA n—1 R s T
1€Z WA
+ Awgﬁ\z,;)n //
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e T-periodicity of the sources = singularities in Qvgzg?w ( = g~£‘23 —A Q’(Qe)>

e For a given Qy =27nf, n € Z: Qa

2rf
/(428€)n 25 QA - 7T(2k ) ) gB n—k / — /WB wy
keZ = ,
= w
n : _\:‘;«1""—- A
- Z 5(‘% - ”(/ - 5) > gAB IgBA n—I - crlomfT -

1€Z

+ AWQ(2 ) + regular /

AB,n

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 13/29



2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

o Average current (igc) = —e [po LI F(t,w)WE(t,w)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

o Average current (igc) = —e [po LI 7 (t, w)W(E(t, w)

» F: action of photo-assisted filter
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

o Average current (igc) = —e [po LI F(t, w)W(E)(t, w)

» F: action of photo-assisted filter

» WI(®): first-order coherence’s Wigner function
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

o Average current (igc) = —e [po LI F(t,w)WE(t,w)

» F: action of photo-assisted filter

» WI(®): first-order coherence’s Wigner function

e Time-averaged low-frequency current correlations
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

o Average current (igc) = —e [po LI F(t,w)WE(t,w)

» F: action of photo-assisted filter

» WI(®): first-order coherence’s Wigner function
e Time-averaged low-frequency current correlations

S(eXp) f(<IA dc IB dC> - <iA7dC><iA7dC>)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

o Average current (igc) = —e [po LI F(t,w)WE(t,w)
» F: action of photo-assisted filter
» W(e): first-order coherence’s Wigner function

e Time-averaged low-frequency current correlations

X . . d’t d’w
Sﬁ\egp) f({inde iB,de) — {indc){indc)) = €f ) —~y FaB(tw)Ac WAB )(t,w)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

dy dt b o7
o Average current (igc) = —e [po LI F(t,w)WE(t,w) 050
5
. . 0.25
» JF: action of photo-assisted filter g o 0.00
-0.25
» WIe): first-order coherence's Wigner function -5 . . 050
10 0.75
e Time-averaged low-frequency current correlations o 5 0 5 10
Wa
d’t d’w
exp . . 2
55\3 ) ~ ~ f({iadc iB,dc) — {iade)(inde)) = €°f ) ————Fap(t,w)A, WAB )(t,w)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

10 0.75
o Average current (igc) = —e [po LI F(t,w)WE(t,w) 050
> . . 0.25
» JF: action of photo-assisted filter $ o0 0.00
-0.25
» WIe): first-order coherence's Wigner function -5 . . 050
_10 0.75
e Time-averaged low-frequency current correlations o 5 0 5 10
Wa
d’t d’w
exp . . 2
Sﬁ\g ) ~ f((iadc iB,dc) — (inde)(inac)) = €*f ) - Fap(t,w)A, WAB )(t,w)

e Wigner function of connected two-electron coherence: ACW£\25) W(2e) W(e) W,(;)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Experimental signal oc connected two-electron coherence ACQ(26)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Experimental signal oc connected two-electron coherence ACQ(26)

2 ~(2
NG =G -6 gy
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
;(2e)

e Experimental signal oc connected two-electron coherence AcG g

2 ~(2 2e)
NG =G5 - G0 G5 = Awdly) + G5 Gi)

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 15/29



2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Experimental signal oc connected two-electron coherence ACQ(26)

2 ~(2 2e)
NG =G5 - G0 G5 = Awdly) + G5 Gi)

o Reconstruction of AWQNEfg) = determination of inter-channel coherences éﬁ\e;/BA
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
;(2e)

e Experimental signal oc connected two-electron coherence AcG g

2 ~(2 2e)
NG =G5 - G0 G5 = Awdly) + G5 Gi)

o Reconstruction of AWQNEfg) = determination of inter-channel coherences éﬁ\e;/BA

» general case = Q~£\2 Gf;} # 0: nested tomography (need to know G(¢) to access G(2¢))
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol
g(2e)

e Experimental signal oc connected two-electron coherence A,

NG =G5 - G0 G5 = Awdly) + G5 Gi)

o Reconstruction of AWQNEfg) = determination of inter-channel coherences éﬁ\e;/BA

» general case = Q~£\2 Gf;} # 0: nested tomography (need to know G(¢) to access G(2¢))

» no exchange coherence = QAB QBA =0: Ac (2;) = Awéﬁfg) (see next section)
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2. Photo-assisted two-electron tomography

2.1. Two-electron tomography protocol

e Experimental signal oc connected two-electron coherence ACQ(26)

2 ~(2 2e)
NG =G5 - G0 G5 = Awdly) + G5 Gi)

o Reconstruction of AWQNEfg) = determination of inter-channel coherences éﬁ\e;/BA

» general case = Q~£\2 Gf;} # 0: nested tomography (need to know G(¢) to access G(2¢))

» no exchange coherence = QAB QBA =0: Ac (2;) = Awéﬁfg) (see next section)

e Cleaner two-particle entanglement signature without inter-channel tunneling
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

t
Xn,QA - Hn,QA * sin(27rnftz + QAtA - (p) ACW/nge) + Nn
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

t
XnQ = Hn,QA * sin(27rnftz + QAtA - (p) ACW/nge) + Nn

EA
——

exp. signal
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

t
Xn,QA = Hn,QA * sin(27rnftz + QA tA - (p) ACW/nge) + Nn
—— SN——

exp. signal filter
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

t
Xna, = Hnq, * sin(2mnfty + Qata — ) ACWE\%;) + Na
—— SN——

exp. signal filter quantity of interest
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

t
Xn,QA = Hn,QA * sin(27rnftz + QA ta — (p) ACW/nge) + N Nn,
~—— S~ N

VT .
exp. signal filter quantity of interest noise
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

. )" ideal
X0, = Hno, * sin(2unfts + Qata — @) AW, + \M,
~—— S~ N

VT .
exp. signal filter quantity of interest noise
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

. ot ideal
X0, = Hno, * sin(2unfts + Qata — @) AW, + \M,
~—— S~ N

VT .
exp. signal filter quantity of interest noise

e Nested protocol = WE\EB) and W,(;X measured during the Gle tomography
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

. ot ideal
X0, = Hno, * sin(2unfts + Qata — @) AW, + \M,
~—— S~ N

VT .
exp. signal filter quantity of interest noise

)

e Nested protocol = W(e and W( ) measured during the Gle tomography

Z,a, = Xna, — (H,,,QA x sin(2mnfts + Qata — @) W(e) W( ) )
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

. ot ideal
X0, = Hno, * sin(2unfts + Qata — @) AW, + \M,
~—— S~ N

VT .
exp. signal filter quantity of interest noise

)

e Nested protocol = W(e and W( ) measured during the Gle tomography

Z,a, = Xna, — (H,,,QA x sin(2mnfts + Qata — @) W(e) W( ) )

= H, q, *sin(2rnfts + Qata — ¢) AWW(26)
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e From current correlations to second-order electronic coherence: linear inverse problem

. ot ideal
X0, = Hno, * sin(2unfts + Qata — @) AW, + \M,
~—— S~ N

VT .
exp. signal filter quantity of interest noise

)

e Nested protocol = W(e and W( ©) measured during the Gle tomography

Z,a, = Xna, — (H,,,QA x sin(2mnfts + Qata — @) W(e) W( ) )

t
= H,q, *sin(2rnfts + Qata — ¢) AWW,(42BE)
° AWW( ®) reconstructed with a Bayesian deconvolution algorithm (with physical prior)
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints

» positivity of G(2¢) (0 < G(9) < 1)

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 17/29



2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints

» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints
» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice

» Cauchy-Schwarz: |§’7,(42§) (wj,wyw;,wgﬂ < g (2¢) (wh, wEwh,w) g(2e)(w;,w,;|w;,wg)
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints
» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice
(26)(

» Cauchy-Schwarz: |§’7,(42§)(wj,w§|w;,wg)| <g2e)(wA,wB|wA,wB)g wy,wg|wy,wg)

e Necessary (not sufficient) and non-independent constraints
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints

» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice

» Cauchy-Schwarz: |§’7,(42§) (wj,wyw;,wgﬂ < g (2¢) (wh, wEwh,w) g(2e)(w;,w,;|w;,wg)
e Necessary (not sufficient) and non-independent constraints "y
(he) (ee)
wA
(hh) | (eh)
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints

» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice

» Cauchy-Schwarz: |§’7,(42§) (w:{,wyw;,wgﬂ < g (2¢) (wh, wEwh,w) g(2e)(w;,w,;|w;,wg)
e Necessary (not sufficient) and non-independent constraints "y
» G2 /G relation: GO (w|w') =1 —GW(—w|—w') the) | (ee)
wa
(hh) (eh)
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints
» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice

» Cauchy-Schwarz: |§’7,(42§) (w:{,wyw;,wgﬂ < g (2¢) (wh, wEwh,w) g(2e)(w;,w,;|w;,wg)

e Necessary (not sufficient) and non-independent constraints "y
» G9/G relation: G(w|w') =1 -GN (—w|—w') the) | (ee)
> links due to Cauchy-Schwarz inequalities for §<e)/§(h) o " “
hh eh
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2. Photo-assisted two-electron tomography

2.2. Reconstruction of the second-order coherence

e Noise = reconstructed coherence is not always physical: need physical constraints
» positivity of G2 (0 < 629 < 1) + computationally too expensive in practice

» Cauchy-Schwarz: |§’7,(42§) (w:{,wyw;,wgﬂ < g (2¢) (wh, wEwh,w) g(ze)(w;7wg|w;,w§)

e Necessary (not sufficient) and non-independent constraints "y
> J(e)/é(h> relation: (j(e)(w |w)=1- Qv(h)(—w| —w') the) | (ee)
> links due to Cauchy-Schwarz inequalities for é(e)/é(h) o " “
hhy | (eh
e Allow to constrain AWQAB) (in certain basis)
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3. Collision-induced electronic entanglement
Outline

3. Collision-induced electronic entanglement
3.1 Coherent collision of two Landau wavepackets
3.2 Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Quantum Hall edge-channels (v = 2)
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Quantum Hall edge-channels (v = 2)

» two 1D co-propagating channels Ain \ / Aout

.

out,

Y

\ 4
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
e Quantum Hall edge-channels (v = 2)

» two 1D co-propagating channels Ain
» ballistic propagation (ve ~ 10°m-s~1) 2

o
.

out,

Y

S
@
4
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Quantum Hall edge-channels (v = 2)
» two 1D co-propagating channels Ain
» ballistic propagation (ve ~ 10°m-s~1) 2

e Coulomb interaction between electrons

o
.

out,

Y

wB

Bin

\ 4
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Quantum Hall edge-channels (v = 2)

» two 1D co-propagating channels Ain A Aout
» ballistic propagation (ve ~ 10°m-s~1)
e Coulomb interaction between electrons .
B >
» finite interaction region (L ~ 107°m)
Bin Bout
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Quantum Hall edge-channels (v = 2)

» two 1D co-propagating channels Ain A Aout
» ballistic propagation (ve ~ 10°m-s~1)
e Coulomb interaction between electrons .
B >
» finite interaction region (L ~ 107°m)
Bin Bout

» traversal time 7, = # ~10~s
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Quantum Hall edge-channels (v = 2)

» two 1D co-propagating channels Ain A B Aout
cer 1
» ballistic propagation (ve ~ 10°m-s~1) T
. . C _L
e Coulomb interaction between electrons [
wB > i
» finite interaction region (L ~ 107%m) 8 T
Bin - Bout

» traversal time 7, = # ~10~s

» unscreened capacitive coupling in the coupler
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Propagator describing the model
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Propagator describing the model

K (3", t3 | th, t8) = 5<tf\”t — (t7 + n))é(tg”f — (th + n))e’*"Ae"@Be"@AB(fk"*f:’s"
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Propagator describing the model

K (e, g | 6, ¢) = 0 (e — (e + 1) ) (t8 — (e + m0) | eonelvoelonn(th =8

» J-functions: propagation time fixed to 7; in both channels
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Propagator describing the model

K (3", t3 | th, t8) = 5<tf\”t — (t7 + n))é(tg”f — (th + TL))e"‘F’Ae"%”Be"@AB(fE*f:’s"

» J-functions: propagation time fixed to 7; in both channels

» self-induced phases (goA =—3Ea v = —T—ELEB): the electron feels its own potential

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 19/29



3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Propagator describing the model

K (3", t3 | th, t8) = 5<tf\”t — (t7 + n))é(tg”f — (th + n))e’*"Ae"%”Be"@"AB(tX’*tl’é’

» J-functions: propagation time fixed to 7; in both channels

» self-induced phases (goA =—3Ea v = —T—ELEB): the electron feels its own potential
> interaction phase: wag(ty — tg) = —2 (7 — [t} — tg§])O (7L — [t4 — t5])
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Propagator describing the model

K (3", t3 | th, t8) = 5<t;’\“f — (t7 + n))é(tg”f — (th + n))e’*"Ae"%"Be"@AB(fX*fE

» J-functions: propagation time fixed to 7; in both channels
» self-induced phases (goA =—3Ea v = —T—ELEB): the electron feels its own potential

> interaction phase: wag(ty — tg) = —2 (7 — [t} — tg§])O (7L — [t4 — t5])

e Phase accumulation = energy transfers between electrons

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 19/29



3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

g(2e)(WAva|WAvWB) SwA (WA7WB)5 (WA’WB)*
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
2e *
g( )(WAvWB|WAvWB) SwA (WA7WB)5 (WA’WB)

e Scattering matrix: Swg,wOB(WAaWB) = <qg(w,4,w3)‘ K ‘J(w%,w%»
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
2e *
g( )(WAvWB|WAvWB) SwA (WA7WB)5 (WA’WB)

e Scattering matrix: Swg,wOB(WAaWB) = <qg(w,4,w3)‘ K ‘@Z(wg\,w%)>

> input wavepackets: two Landau wavepackets (lorentzian energy distribution)
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
2e *
g( )(WAvWB|WAv°"B) SwA (WA7WB)5 (WA’WB)

e Scattering matrix: Swg,wOB(WAaWB) = <$(w,4,w3)‘ K ‘J(w%,w%»

> input wavepackets: two Landau wavepackets (lorentzian energy distribution)

» propagator: effect of the collision on the input state
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
2e *
g( )(WAvWB|WAv°"B) SwA (WA7WB)5 (WA’WB)

e Scattering matrix: Swg,wOB(WAaWB) = <$(wA,wB)‘ K ‘J(w%,w%»

> input wavepackets: two Landau wavepackets (lorentzian energy distribution)
» propagator: effect of the collision on the input state

» plane waves: detection at a given (punctual) energy
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
2e *
g( )(WAvWB|WAv°"B) SwA (“‘)A7wB)S (WA’WB)

e Scattering matrix: Swg,woB(WAawB) = <$(w,4,w3)‘ K ‘J(w%,w%»

> input wavepackets: two Landau wavepackets (lorentzian energy distribution)
» propagator: effect of the collision on the input state

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

GC (Wi, wi |wy,wp) = / d*te™ K (£ 0) 9 (£0) e T K (£7] £0) " (t0)"
R4
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Diagonal coherence (energy probability distribution)
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3.1. Coherent collision of two Landau wavepackets

e Diagonal coherence (energy probability distribution)
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3.1. Coherent collision of two Landau wavepackets
Qpa

e Diagonal coherence (energy probability distribution)
we
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

Qa
e Diagonal coherence (energy probability distribution)
wg
> lateral lobes: energy transfers A— B and B — A ﬁ; WA
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Diagonal coherence (energy probability distribution)

> lateral lobes: energy transfers A— B and B — A

> spread along wa = %(wA — wp): energy conservation
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Diagonal coherence (energy probability distribution)

> lateral lobes: energy transfers A— B and B — A

> spread along wa = %(wA — wp): energy conservation
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

Qa
D
4

e Off-diagonal coherence (quantum component)

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 22/29



3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Off-diagonal coherence (quantum component)
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Off-diagonal coherence (quantum component)
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Off-diagonal coherence (quantum component) fa
wB
» vertical lobes: interferences between lateral lobes
ii B
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3. Collision-induced electronic entanglement

3.1. Coherent collision of two Landau wavepackets

e Off-diagonal coherence (quantum component)

» vertical lobes: interferences between lateral lobes

» fringes: interferences central structure / lateral lobes
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated

A

‘(Al A2 é1 é2>sep’2 < <A1 AJ{ Ag é2>sep <’2\£ AZ él BDsep
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated

A

‘(Al A2 é1 é2>sep’2 < <A1 AJ{ Ag é2>sep <’2\£ AZ él BDsep

e Second-order coherence: expectation value of four creation / annihilation operators
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated

|g(2e)(wA,ws |WA7UJB)‘ < 9(26)(“’A7w3 Wi wp) gAB (wg> wi |wg, wi)

e Second-order coherence: expectation value of four creation / annihilation operators
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated

|g(2e)(wA,ws |WA7UJB)‘ < 9(26)(“’A7w3 Wi wp) gAB (wg> wi |wg, wi)

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

e Comparing three points of the whole Fourier space
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated

|g ((“)A7WB|"‘)A’WB)‘ <g(26)(wA7wB|wA7wB)gAB (wA’wB|wA7wB)

e Second-order coherence: expectation value of four creation / annihilation operators
e Comparing three points of the whole Fourier space

» |.h.s.: squared norm of the coherence at any point of the four-dimensional space
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Witness # criterion: conclusion only if the witness is violated

|g(2e) (wa,wp |wA7°JB)‘2 < g~£\2136) (wa,wg |wa, wg) QNE\ZBE) (wa,wg |wa,wp)

e Second-order coherence: expectation value of four creation / annihilation operators
e Comparing three points of the whole Fourier space

» |.h.s.: squared norm of the coherence at any point of the four-dimensional space

» r.h.s.: product of coherences at two points in the two-dimensional diagonal plane
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e L.hss. -r.hs.: positive <= violated
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

|C‘(2e) |2 _ C‘(ze) C(Ze)

.. . 'AB, off AB, diag. YAB, diag.
e L.hss. -r.hs.: positive <= violated 30
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

|C‘(2e) |2 _ C‘(ze) C(Ze)

L. . 'AB, off! AB, diag. YAB, diag.
e L.hss. -r.hs.: positive <= violated 30
0.8
C . 20 0.6
e Two violation regions
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

|C‘(2e) |2 _ C‘(Ze) C(Ze)

L. . 'AB, off! 'AB, diag. YAB, diag.
e L.hss. -r.hs.: positive <= violated 30
0.8
C . 204"~ 0.6
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» tQ ~ 0: large energy exchanges (off-diagonal) . 02
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

|§(2e) |2 “(Ze) Q(Ze

.. . 'AB, off AB diag. ¥AB, diag.
e L.hss. -r.hs.: positive <= violated 30
0.8
S . 20 0.6
e Two violation regions
0.4
104
» tQ ~ 0: large energy exchanges (off-diagonal) Gl T T~ 0.2
2 = 0: large energy g g o P .
g 0 ' — ) 0.0
~ 4'
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

|§(2€) |2 _ oe) C(Ze)

L. . 'AB, off! 'AB, diag. YAB, diag.

e L.hss. -r.hs.: positive <= violated 30 -
' 08

1
C . 20 ' 0.6

e Two violation regions '
0.4

10 :
» tQ ~ 0: large energy exchanges (off-diagonal) - : 0.2
g 0 —_— ! 0.0

. 1
» tQ > 71 small exchanges (closer to diagonal) 10 : 0.2
' -0.4
e tQ > 7, = electrons don't interact anymore -201 ' 0.6
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-30 : e
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

|“(Ze) |2 _ oe) g(Ze

L. ) AB off| 'AB, diag. YAB, diag.
e L.hss. -r.hs.: positive <= violated 30
08
C . 20 0.6
e Two violation regions
0.4
10 o
0 : . .
» t3 ~ 0: large energy exchanges (off-diagonal)
A ~
S O — 0.0
» tQ > 71 small exchanges (closer to diagonal) 10l -0.2
-0.4
e tQ > 7, = electrons don't interact anymore -20 0.6
-0.8
) 2 4 6 8
e Entanglement detection even when tg > 7! .
A L
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Time-frequency representation: Wigner function of the two-electron state
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

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

nge)(t):, ta |ws,wa)
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Time-frequency representation: Wigner function of the two-electron state
2
WE\Be)(tz, ta |ws,wa)

e Quantum correlations = off-diagonal coherence: relative particle
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

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

2
W/&Be)(t):,tA‘w:,wA) 0. o
Wy =w,+wpg

e Quantum correlations = off-diagonal coherence: relative particle

> fix the energy of the center of mass to its initial value
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

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

/dtz t):,tA | ws, wa)

wz:wg+w%
e Quantum correlations = off-diagonal coherence: relative particle

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

> integrate along the time of the center of mass
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

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

WS)(tA\wA)Z Adtzwgﬁ)(tz,tA\wz,wA)

wz:wg+w%
e Quantum correlations = off-diagonal coherence: relative particle

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

> integrate along the time of the center of mass

e Wigner function for the relative particle: coherence in the 2D (ta,wa) plane

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 25/29



3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e tp (conjugate of Qa): time of relative particle -0
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e tp (conjugate of Qa): time of relative particle -0
1.0
e Quantum features visible in the time-energy domain 10 05
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a 0 / 0.0
3 f
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e tp (conjugate of Qa): time of relative particle -0
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e tp (conjugate of Qa): time of relative particle -0
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e Quantum features visible in the time-energy domain 10 W, 05
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e tp (conjugate of Qa): time of relative particle -0
1.0
e Quantum features visible in the time-energy domain 10 05
[y
» positive lobes: energy transfers (+a) ;0 f// 0.0
» interferences fringes: coherent exchange processes -10 0.5
> negativities <= quantum effects 20 1.0
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e tp (conjugate of Qa): time of relative particle -0
1.0
e Quantum features visible in the time-energy domain 10 05
oy [y
» positive lobes: energy transfers (+a) ;0 f// 0.0
» interferences fringes: coherent exchange processes -10 0.5
> negativities <= quantum effects 20 1.0
) _ o -3 -2 -1 0 1 2 3
e Wigner representation highlights entanglement! talTL
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Detect entanglement with two-electron tomography protocol
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Detect entanglement with two-electron tomography protocol
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Detect entanglement with two-electron tomography protocol

» choose one point (wg,wa,Qa, t3) (l.h.s. of the Cauchy-Schwarz witness)
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Detect entanglement with two-electron tomography protocol

» choose one point (wg,wa,Qa, t3) (l.h.s. of the Cauchy-Schwarz witness)

» measure current correlations in the (wea,wes) plane by varying the energies of the filters
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3. Collision-induced electronic entanglement

3.2. Signatures of electronic entanglement

e Detect entanglement with two-electron tomography protocol

» choose one point (wg,wa,Qa, t3) (l.h.s. of the Cauchy-Schwarz witness)
» measure current correlations in the (wea,wes) plane by varying the energies of the filters

» compare signal with the two diagonal points (r.h.s. of the Cauchy-Schwarz witness)
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Conclusion

e Photo-assisted two-electron tomography protocol

» two-electron states now within reach in EQO: experimental confirmation yet to come

» photo-assisted tomography more time-efficient than HOM tomography (even for g~(e))

e Collision-induced electronic entanglement: simple model, complex physics

» Cauchy-Schwarz witness = detection of collision-induced entanglement

> next steps: decoherence, exchanges with the environment, low-energy wavepackets

e How can one quantify and measure the amount of entanglement created?
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Thank you for your attention!

P. Degiovanni G. Rebora A. Feller M. Bienioszek G. Feve G. Ménard
(ENS Lyon) (ENS Lyon) (Univ. Lille) (Univ. Lille) (ENS Paris) (ENS Paris)
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M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 29/29



A. Cauchy-Schwarz constraints

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 30/29



A. Cauchy-Schwarz constraints

Ge)

e Regularization of G2e). g(2e) (wA,wB |wA,wB) = <Xw;7xw§ Xw:‘r,xw;>

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 30/29



A. Cauchy-Schwarz constraints

Ge)

e Regularization of G2e). 5/(42;) (wj,wg | w;,w;) = <Xw;7xw§ Xw:‘r,xw;>

e Local analysis (Martin-Landauer basis)
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A. Cauchy-Schwarz constraints

e Regularization of G2e). 5}&2;) (wj,wyw;,w;) = <Xw;7xw§ G2 X +’Xw§>
e Local analysis (Martin-Landauer basis) e
Xm %
P . nf |T777T
> Xm(@) = 3/ g U age] (0 = 5 m) oxp (i)
o
N
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A. Cauchy-Schwarz constraints

. B =2 - A
e Regularization of G(2¢): ggg)(wj,wywA,wB) = <Xw;7xw,; G |y +’Xw§>
e Local analysis (Martin-Landauer basis) e
Xm %
P . o«f 77777
> Xm(@) = 3/ g U age] (0 = 5 m) oxp (i)
» not able to constrain Awggzg): crushed by scaling : <
2rf
rm
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A. Cauchy-Schwarz constraints

. B =2 - A
e Regularization of G(2¢): ggg)(wj,wywA,wB) = <Xw;7xw,; G |y +’Xw§>
e Local analysis (Martin-Landauer basis) e
Xm %
P . oof 77777
> Xm(@) = 3/ g U age] (0 = 5 m) oxp (i)
» not able to constrain Awggzg): crushed by scaling : <
2rf
m

e Atoms of signal (Floquet-Wannier basis)
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A. Cauchy-Schwarz constraints

ot ce). &), + A= ) — A (2
e Regularization of G(2¢): Gup (Wi, wh |wy,wg) = <Xw;7xw,; G |y +’Xw§>
e Local analysis (Martin-Landauer basis) "
x| 2t
ol PRI
) = B (0 ) 00 (79)
» not able to constrain Awggzg): crushed by scaling : <
o
e Atoms of signal (Floquet-Wannier basis) wy o .
ml-e-

27 dw ‘W
i % JoT 42 exp (= i2p)Ym(w), ¢ Bloch wave
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A. Cauchy-Schwarz constraints

ot ce). &), + A= ) — A (2
e Regularization of G(2¢): Gup (Wi, wh |wy,wg) = <Xw;7xw,; G |y +,xw§>
e Local analysis (Martin-Landauer basis) "
x| 2t
ol PRI
) = By (o )0 ()
» not able to constrain AW§g2;): crushed by scaling : <
o
e Atoms of signal (Floquet-Wannier basis) wy o .

27 dw ‘W
i % JoT 42 exp (= i2p)Ym(w), ¢ Bloch wave

» set of constraints on the regular part Awéﬁ\zse)
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B. Landau wavepackets

e Landau wavepacket: emitted by single-electron source

e Lorentzian distribution in energy

~( ) e—iwto ’YOWidth " 30-15-105 0 5 10 15 20
Y(w) =y ———F—= with t” injection time ¢
— 0 J
w—w’ + 5 0

w” center frequency
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B. Landau wavepackets

e Landau wavepacket: emitted by single-electron source

e Lorentzian distribution in energy

~( ) e—iwto ’YOWidth " 30-15-105 0 5 10 15 20
Y(w) =y ———F—= with t” injection time ¢
— 0 i
w—w’ + 5 0

w” center frequency

e Decreasing exponential distribution in time
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B. Landau wavepackets

e Landau wavepacket: emitted by single-electron source

e Lorentzian distribution in energy

oiwt? v width
P(w) = ﬁﬁ with t0 injection time ¢
w—w' +i5 0
w” center frequency

e Decreasing exponential distribution in time

¢(t) _ ﬁeiwo(t—to)e—%(t—to)e(t . tO)
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B. Landau wavepackets

e Landau wavepacket: emitted by single-electron source

e Lorentzian distribution in energy

oiwt? ~ width
P(w) = ﬁﬁ with t0 injection time ¢
w—w' +i5 0
w” center frequency

e Decreasing exponential distribution in time
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B. Landau wavepackets

e Landau wavepacket: emitted by single-electron source

e Lorentzian distribution in energy

- e—i(.ut0 . ’YOWidth " 30-15-105 0 5 10 15 20
P(w) = ﬁm with t” injection time £0
0

w” center frequency

e Decreasing exponential distribution in time

¢(t) _ ﬁeiwo(t—to)e—%(t—to)e(t . tO)
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B. Landau wavepackets

e Landau wavepacket: emitted by single-electron source

e Lorentzian distribution in energy

B mit? v width

P(w) =y ———F—= with

0 . . . .
. t? injection time
w—wd+iF )

w? center frequency

e Decreasing exponential distribution in time

¢(t) _ ﬁeiwo(t—to)e—%(t—to)e(t . tO)
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C.1. Diagonal coherence

e Evolution with coupling parameter « a

wB
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C.1. Diagonal coherence

e Evolution with coupling parameter «

20 20 16 20 20
cl2e) cle) cl2e)
15 Gis 35 15 A 14 15 Gas

0.4
10 3.0 10 1.2 10 05 10 \
. 08
. 03 02
-5 15 -5 0.6 -5 -5
-10 10 -10 0.4 -10 02 -10 \
0.1

=20 -10 0 10 20 =20 -10 0 10 20 =20 -10 0 10 20 =20 -10 0 10 20
WaATL WA Ty WA Ty Wa T

Ws T
o
-
~
o

ws T
o

ws T
o

wp T
o
-

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 32/29



C.1. Diagonal coherence

e Evolution with coupling parameter «

» lobes around w7 = £ta: exchanged energy increases with « E; or
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C.1. Diagonal coherence

e Evolution with coupling parameter «

» lobes around w7 = £ta: exchanged energy increases with « E; or

> « too weak == lobes not clearly resolved

a=20 a=3 a=5 a=10
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C.2. Diagonal coherence

e Influence of the injection time offset tQ = t§ — t3 Qa

wB
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C.2. Diagonal coherence

e Influence of the injection time offset tQ = t§ — t3
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C.2. Diagonal coherence

e Influence of the injection time offset tQ = t§ — t3

» 0< tg < 1, = one transfer preferred over the other

o

-10
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C.2. Diagonal coherence

e Influence of the injection time offset tQ = t§ — t3

» 0< tg < 1, = one transfer preferred over the other

> tA > 77 electrons don't see each other (g
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D. Snowplough effect
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D. Snowplough effect

e The late electron takes energy from the first electron
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D. Snowplough effect

e The late electron takes energy from the first electron

» first electron polarizes other channel = accelerates second electron

out

0 _ 40 _ 40
ta =ty —tg>0
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D. Snowplough effect

e 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

out

0 _ 40 _ 40
ta =ty —tg>0
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E.1. Off-diagonal coherence

e Evolution with coupling parameter « Qa
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E.1. Off-diagonal coherence

e Evolution with coupling parameter «
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E.1. Off-diagonal coherence

e Evolution with coupling parameter «

» diamond shape growing with a: Cauchy-Schwarz inequality
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E.1. Off-diagonal coherence

e Evolution with coupling parameter «

» diamond shape growing with a: Cauchy-Schwarz inequality

» vertical lobes at Qa7 = +2a: quantum component o< coupling
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E.1. Off-diagonal coherence

e Evolution with coupling parameter «

» diamond shape growing with a: Cauchy-Schwarz inequality

» vertical lobes at Qa7 = +2a: quantum component o< coupling

» more interference fringes for high a: more exchange processes
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E.2. Off-diagonal coherence
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E.2. Off-diagonal coherence

Qa
e Influence of the injection time offset tg !
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E.2. Off-diagonal coherence
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e Influence of the injection time offset tg
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E.2. Off-diagonal coherence

e Influence of the injection time offset tg

» snowplough effect = fading of corresponding lobes and fringes
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E.2. Off-diagonal coherence

Qa
e Influence of the injection time offset tg
» snowplough effect = fading of corresponding lobes and fringes i WA
» tQ > 71: coherence collapses to its input value (< « = 0)
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e Coherence is zero outside of Cauchy-Schwarz domain (inequality)
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F.1. Entanglement witness

. . . . Q
e Coherence is zero outside of Cauchy-Schwarz domain (inequality) 4
e Geometric interpretation of the witness
> input state: centered at (w3, w%) in the diagonal plane wg
7
wa
7
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F.1. Entanglement witness

. . I . Q
e Coherence is zero outside of Cauchy-Schwarz domain (inequality) 4
e Geometric interpretation of the witness
> input state: centered at (w3, w%) in the diagonal plane ° wa
» C.S. inequality: coherence diamond around the input state RIA w
RS A
)7 Vs
» witness |.h.s. (output state): anywhere in the coherence diamond 7 WA
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F.1. Entanglement witness
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e Coherence is zero outside of Cauchy-Schwarz domain (inequality) 4
e Geometric interpretation of the witness

> input state: centered at (w3, w%) in the diagonal plane o\ ug

» C.S. inequality: coherence diamond around the input state /\“ A2 w

rraw, v A
Y I 25¢
» witness |.h.s. (output state): anywhere in the coherence diamond 7 WA

> witness r.h.s.: on both sides of the diamond in the diagonal plane
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F.1. Entanglement witness

e Coherence is zero outside of Cauchy-Schwarz domain (inequality)
e Geometric interpretation of the witness

> input state: centered at (w3, w%) in the diagonal plane
» C.S. inequality: coherence diamond around the input state

» witness |.h.s. (output state): anywhere in the coherence diamond

v

witness r.h.s.: on both sides of the diamond in the diagonal plane

e R.h.s. points outside of the diamond = witness violated

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement

Qa

2\ ws
/\‘; /(\' Y
P w, o emadiel

Y | KN
N
wa
September 24, 2026 37/29



F.2. Entanglement witness

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 38/29



F.2. Entanglement witness

e Evolution with coupling parameter «
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F.2. Entanglement witness

e Evolution with coupling parameter «
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F.2. Entanglement witness

e Evolution with coupling parameter «

» « = 0: no interaction = both members of the witness are equal

a=D5 a=10
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B
F.2. Entanglement witness
e Evolution with coupling parameter «

» « = 0: no interaction = both members of the witness are equal

> lobes at t] = 0 centered around Qa7 = 4-2a: interaction creates off-diagonality

a=5 a=10
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F.2. Entanglement witness

e Evolution with coupling parameter «
» « = 0: no interaction = both members of the witness are equal
> lobes at t] = 0 centered around Qa7 = 4-2a: interaction creates off-diagonality

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

a=0 a=3 a=5 a=10
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[uy

e Evolution with wavepackets’ spectral width ~ (wavepacket's duration: 79 = ;)
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F.3. Entanglement witness

. . , . s . ) 1
e Evolution with wavepackets’ spectral width ~ (wavepacket's duration: 79 = ;)
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F.3. Entanglement witness

e Evolution with wavepackets’ spectral width ~ (wavepacket's duration: 79 = <)

2=

» long wavepackets (small v) = coherence concentrated around diagonal plane
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F.3. Entanglement witness

e Evolution with wavepackets’ spectral width ~ (wavepacket's duration: 79 = <)

2=

» long wavepackets (small v) = coherence concentrated around diagonal plane

» short wavepackets (large v): more energy exchange processes = off-diagonal coherence

v = 1 v = 2 v = 3 v = 4
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F.3. Entanglement witness

e Evolution with wavepackets’ spectral width ~ (wavepacket's duration: 79 = <)

2=

» long wavepackets (small v) = coherence concentrated around diagonal plane
» short wavepackets (large v): more energy exchange processes = off-diagonal coherence

> increasing -y limits temporal overlap between wavepackets = signal fades quicker

vy = 1 v = 2 v = 3 v = 4
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G.1. Wigner transform
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G.1. Wigner transform

e Evolution with coupling parameter «
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G.1. Wigner transform

e Evolution with coupling parameter «
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G.1. Wigner transform

e Evolution with coupling parameter «

» « = 0: no interactions = diagonal coherence and no negativities
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G.1. Wigner transform

e Evolution with coupling parameter «

» « = 0: no interactions = diagonal coherence and no negativities

» positive lobes around wa7; = +a: transferred energy increases with «

a=0 a=3 a=5 a =10
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G.2. Wigner transform
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G.2. Wigner transform

e Influence of the injection time offset tg

M. Paulet (ENS Lyon) Photo-assisted tomography to probe entanglement September 24, 2026 41/29



G.2. Wigner transform

e Influence of the injection time offset tg
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G.2. Wigner transform

e Influence of the injection time offset tg

» 0 <t < 71: one energy exchange process is privileged (snowplough effect)
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G.2. Wigner transform

e Influence of the injection time offset tg

» 0 <t < 71: one energy exchange process is privileged (snowplough effect)

> tg > 7,: coherence collapses to the non-interacting case (quantum effects disappear)
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