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Nonclassicality: quantum superpositions

• Classical reference: coherent states |α〉

• Nonclassical state: |ψ〉 =
∑

i ci |αi〉

Oxford, July 11, 2018 | Werner Vogel 8 / 34



Classical mixtures versus nonclassical states

• Coherent states |α〉: classical behavior
• Mixture of classical states:

ρ̂cl =
∑

i

pi |αi〉〈αi | ⇒

∫
dPcl(α)|α〉〈α|

• General quantum state:1 ρ̂ =

∫
dP(α)|α〉〈α|

• P(α) � quasiprobability: P(α) , Pcl(α)

P(α) is often strongly singular! Experimental determination?
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• General quantum state:1 ρ̂ =

∫
dP(α)|α〉〈α|

• P(α) � quasiprobability: P(α) , Pcl(α)
Experimental P function2

P(α) is often strongly singular! Experimental determination?

1R. J. Glauber, Phys. Rev. 131, 2766 (1963); E. C. G. Sudarshan, Phys. Rev. Lett. 10, 227 (1963).
2T. Kiesel, W. Vogel, V. Parigi, A. Zavatta, M. Bellini, Phys. Rev. A 78, 021804(R) (2008).
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P function of squeezed state

• Squeezing below the vacuum noise level:

• P function of squeezed vacuum:

Psv(α) = e
−

Vx−Vp
8

(
∂2

∂α2 + ∂2

∂α∗2
−2

Vx +Vp−2
Vx−Vp

∂
∂α

∂
∂α∗

)
δ(α)
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Nonclassicality quasiprobabilities: PΩ

• Problem: P(α) is singular⇔ Φ ≡ FT(P) is not integrable

• Filtering characteristic function:3 ΦΩ(β) = Φ(β)Ωw(β)

• Construction of a nonclassicality filter4

⇒ Regularized function PΩ = FT−1(ΦΩ), called nonclassicality
quasiprobability:

For any quantum state: PΩ < 0 ⇔ P < 0

3J.R. Klauder, Phys. Rev. Lett. 16,534 (1966); G.S. Agarwal and E. Wolf, Phys. Rev. D 2, 2161 (1970).
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PΩ of squeezed vacuum

• Direct sampling of PΩ:5

PΩ(α) ≈
1
N

N∑
i=1

fΩ(xi , ϕi ;α,w)

• Pattern function:

fΩ(x, ϕ;α,w)=F[Ωw(b)]

• Phase locked measurement with
interpolations

• Continous phase measurement6

⇒ Result for PΩ
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Squeezed vacuum state5

5T. Kiesel, W. Vogel, B. Hage, R. Schnabel, Phys. Rev. Lett. 107, 113604 (2011).
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Quantum entanglement

Example: Schrödinger’s cat (1935)

• Classical reference: product state |Ψ〉 = |ψA 〉 ⊗ |ψB〉

• Cat state:
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Classical correlation versus quantum entanglement

• Uncorrelated (product) states: |a, b〉 ≡ |a〉 ⊗ |b〉

• Mixture of uncorrelated states⇒ separable states:7

σ̂ =
∑

i

pi |ai , bi〉〈ai , bi | (pi : probability)

⇒

∫
dPcl(a, b)|a, b〉〈a, b | (Pcl: joint probability)

• General state: ρ̂ =

∫
dP(a, b)|a, b〉〈a, b |

• Entanglement quasiprobability:8

P(a, b) , Pcl(a, b)

7R. F. Werner, Phys. Rev. A 40, 4277 (1989).
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Nonclassicality versus entanglement

• An N-mode state of light, ρ̂cl, is called classical if it can be written as9

ρ̂cl =

∫
dP(α) |α〉 〈α| , with |α〉 = |α1〉 ⊗ . . . ⊗ |αN〉 and P ≡ Pcl ≥ 0

• An N-partite state σ̂ is called separable if it can be written as10

σ̂ =

∫
dP(a) |a〉 〈a| , with |a〉 = |a1〉 ⊗ . . . ⊗ |aN〉 and P ≡ Pcl ≥ 0

• State ρ̂ is nonclassical / entangled if ρ̂ , ρ̂cl / σ̂:

P(α) 6≥ 0 / P(a) 6≥ 0

• General relation: entanglement⇒ quantum correlation

• Potential applications in quantum technologies11

9U. M. Titulaer and R. J. Glauber, Phys. Rev. 140, B676 (1965).
10R. F. Werner, Phys. Rev. A 40, 4277 (1989).
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Verifying entanglement – witness operators

• Separable states form a convex set

• Exists hyperplane, 〈Ŵ〉 = 0, dividing
set in two parts; Ŵ : witness operator12

• Systematic construction of optimal
multipartite entanglement witnesses:13

• Hermitian operator L̂

• Separability eigenvalue problem
for N partitions:

L̂a1 ,...,aj−1 ,aj+1 ,...,aN |aj〉 = g|aj〉,

for j = 1, . . . ,N

⇒ Ŵopt = L̂ − inf{g}1̂

12M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A 232, 1 (1996).
13J. Sperling and W. Vogel, Phys. Rev. Lett. 111, 110503 (2013).
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⇒ Ŵopt = L̂ − inf{g}1̂

12M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A 232, 1 (1996).
13J. Sperling and W. Vogel, Phys. Rev. Lett. 111, 110503 (2013).

Oxford, July 11, 2018 | Werner Vogel 17 / 34



Continuous variable Gaussian entanglement

Synchronously pumped optical parametric oscillator (SPOPO):14 frequency
comb laser. Spectrum divided into elements of equal energy.

14J. Roslund, R. Medeiros de Arájo, S. Jiang, C. Fabre, and N. Treps, Nature Photon. 8, 109 (2014).
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Notions of 3-partite entanglement15

• Sets of separable states for
partitions of same length

• Convex combination of different
2-partitions

• Different notion due to:
convex hull,set union

• Target state:
• entangled for all 2-partitions
• not genuine entangled

set union

convex
hull

15S. Gerke, J. Sperling, W. Vogel, Y. Cai, J, Roslund, N. Treps, and C. Fabre, Phys. Rev. Lett. 117, 110502 (2016).
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How genuine is 2-entanglement?15

• Entanglement with respect
to all individual partitions

• No 2-entanglement exists

• K -Entanglement for K > 2

• Absence of “genuine
entanglement”

⇒ Entanglement tests for K > 2
are indispensable!

• ”Genuine test” fails: no insight in highly significant multipartite
entanglement

• In general: higher significances of tests for larger K values

15S. Gerke, J. Sperling, W. Vogel, Y. Cai, J, Roslund, N. Treps, and C. Fabre, Phys. Rev. Lett. 117, 110502 (2016).
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Photon antibunching16

• First demonstration of nonclassical light: photon antibunching

• Violation of Schwarz inequality: 〈T : Î(0)̂I(τ) :〉 > 〈: [̂I(0)]2 :〉

⇒ Based on normal- and time-ordered correlation functions!

16H.J. Kimble, M. Dagenais, and L. Mandel, Phys. Rev. Lett. 39, 691 (1977).
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General nonclassical field correlations17

• Function P(α) = P(α1, . . . , αN)⇒ P functional:

P({E(+)(i)}) =
〈
T :

k∏
i=1

δ̂
(
Ê(+)(i) − E(+)(i)

)
:
〉
, i ≡ (ri , ti)

• Nonclassical correlations: P 6≥ 0

⇒ Hierarchy of conditions for field correlation functions, such as:

|〈T :∆Ê(1)∆Î(2) :〉| >

√
〈: [∆Ê(1)]2 :〉〈: [∆Î(2)]2 :〉

• Detection: homodyne correlation measurement.18

• High-order correlation functions are accessible.19

17W. Vogel, Phys. Rev. Lett. 100, 013605 (2008).
18W. Vogel, Phys. Rev. Lett. 67, 2450 (1991).
19E. Shchukin and W. Vogel, Phys. Rev. Lett. 96, 200403 (2006).
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• Detection: homodyne correlation measurement.18

• High-order correlation functions are accessible.19

17W. Vogel, Phys. Rev. Lett. 100, 013605 (2008).
18W. Vogel, Phys. Rev. Lett. 67, 2450 (1991).
19E. Shchukin and W. Vogel, Phys. Rev. Lett. 96, 200403 (2006).

Oxford, July 11, 2018 | Werner Vogel 23 / 34



General nonclassical field correlations17

• Function P(α) = P(α1, . . . , αN)⇒ P functional:

P({E(+)(i)}) =
〈
T :

k∏
i=1

δ̂
(
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Homodyne cross-correlation measurement20

• The measurement setup:

    SI

  LO

    PD1

    PD2

    BS

    1

    2

20W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Homodyne cross correlation measurement20

• Accessible intensity correlation functions:

∆G(2,2) =
{〈

[Ê(−)(r, t)]2[Ê(+)(r, t)]2
〉
−

〈
Ê(−)(r, t)Ê(+)(r, t)

〉2
}
,

• Decomposition with respect to local oscillator amplitude, ELO:

∆G(2,2) =
4∑

i=0

∆G(2,2)
i

• Sub-Poisson statistics: ∆G(2,2)
0 = |T |2|R |2

〈
: (∆ÎSI)

2 :
〉

• Anomalous correlation: ∆G(2,2)
1 = |T ||R |(|R |2 − |T |2) ELO

〈
: ∆ÊSI∆ÎSI :

〉
• Squeezing: ∆G(2,2)

2 = −|T |2|R |2 E2
LO

〈
: (∆ÊSI)

2 :
〉

20W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Anomalous quantum correlations of squeezed light21

• Homodyning with unbalanced beam
splitter and weak LO20

• Classical description

• Correlation C(φ) = 〈c1c2〉 of
detector current fluctuations

• Separation of different moments:
C(φ) = C0 + C1(φ) + C2(φ)

• C0(φ) ∝ 〈(∆I)2〉

• C1(φ) ∝ EL 〈∆Eφ∆I〉

• C2(φ) ∝ E2
L 〈(∆Eφ)2〉

• Experimental result det[L(φ)] < 0:

〈: ∆Êφ∆Î :〉2 > 〈: (∆Êφ)2 :〉〈: (∆Î)2 :〉

    Signal

    weak LO

    φ

    PD1

    PD2

    c1
    AC

    c2

    AC
   14 : 86

21B. Kühn, W. Vogel, M. Mraz, S. Köhnke, and B. Hage, Phys. Rev. Lett. 118, 153601 (2017).
20W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Quantum correlation for large
phase intervall!
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Unbalanced homodyne correlation measurement22

22B. Kühn and W. Vogel, Phys. Rev. Lett. 116, 163603 (2016).
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• Reference field is a displaced dephased laser (DDL)

• ac correlation of M = 2m detectors yields moments 〈: [n̂(α)]m :〉
→ no need of photon number resolution

• Quantum-state representation via displaced photon-number moments
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Click phase-space functions23

• Unbalanced homodyning with click detectors

• Introducing click phase-space functions

PN (α; s) = 2
π(1−s)

N∑
k=0

[
η(1−s)−2
η(1−s)

]k
ck (α; η)

• N is number of detection bins; for N → ∞

⇒ s-parametrized phase-space functions

• Negativities in PN (α; s)⇒ quantum effects
squeezed vacuum state N = 6

23Luis, Sperling, and Vogel, Phys. Rev. Lett. 114, 103602 (2015).
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Lossy single-photon state from experimental data24

Phase-space function PN(α; 0)

Bin-number dependence
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• Negativity⇒ nonclassicality

• Good agreement with theory

• Quantum efficiency η ≈ 0.21

• Significance of negativity: Σ

• Sampling parameter x=η(1−s)

• Max. significance |Σ| = 186

⇒ Improved verification with fewer detectors

24Bohmann, Tiedau, Bartley, Sperling, Silberhorn, and Vogel, Phys. Rev. Lett. 120, 063607 (2018).
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Summary

• Notions of nonclassicality and quantum entanglement

• Nonclassicality quasiprobabilities

⇒ Direct sampling; application to squeezed light

• Entanglement witnesses for multipartite entanglement

• Entanglement beyond the convex hull of bipartitions

• General space-time dependent quantum correlations

• Homodyne correlation measurements

• Anomaluous quantum correlations of squeezed light

• Number statistics without photon-number resolution

• Click homodyne detection of phase space functions

• Support by EU and DFG:
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Our new institute
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The research group
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The research group

Thank you for your attention!
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