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Ligo gravitational wave interferometer
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Quantum metrology with squeezed light
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Secure communication with quantum light
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Nonclassicality: Quantum Superpositions

e Classical reference: coherent states |a)

o Nonclassical state: |y) = 3; ¢jla;)
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Classical mixtures versus nonclassical states

e Coherent states |a): classical behavior
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Classical mixtures versus nonclassical states

e Coherent states |a): classical behavior
e Mixture of classical states:

pa = plai)eil = f dPa(@)leXal P
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Classical mixtures versus nonclassical states

e Coherent states |a): classical behavior
e Mixture of classical states:

pa= Y plaial = [ dPafa)ia)l

e General quantum state:' p = fdP(a)IaXal @ @

'R. J. Glauber, Phys. Rev. 131, 2766 (1963); E. C. G. Sudarshan, Phys. Rev. Lett. 10, 227 (1963).
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Classical mixtures versus nonclassical states

e Coherent states |a): classical behavior
e Mixture of classical states:

pa= Y plaail = [ dPa(@)aa

e General quantum state:' p = fdP(a)|a><a|
Experimental P function?

e P(a) = quasiprobability:  P(a) # Pa(«)

P(a) is often strongly singular! Experimental determination? J

'R. 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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Experimental determination of P or W functions

e Characteristic functions of quadratures,
X, = ae¥ +a'e™:

G(k 90 IKX¢ dep(X IKX
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Experimental determination of P or W functions

e Characteristic functions of quadratures,

X, = ae' + ate '
G(k,¢) = <eik)?¢> _ fdx p(x, p)e™
e Sampling of characteristic function
¢ D) ) = b(ike ) ~ 3k L Z 0

e If possible: P(a) = FT[®(8)]

If not: W(a) = FT[e~ 26" d(B)]

Kiev, Sept. 10,2018 I Werner Vogel
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Quantum state tomography

VOLUME 70, NUMBER 9 PHYSICAL REVIEW LETTERS 1 MARCH 1993

Measurement of the Wigner Distribution and the Density Matrix of a Light Mode Using

Optical Homodyne Tomography: Application to Squeezed States and the Vacuum

D. T. Smithey, M. Beck, and M. G. Raymer
Department of Physics and Chemical Physics Institute, University of Oregon, Eugene, Oregon 97403

A. Faridani

Department of Mathematics, Oregon State University, Corvallis, Oregon 97331
(Received 16 November 1992)

e Wigner function: convolution of P(&) with Gaussian noise

e Wigner function of a squeezed (left) and vacuum (right) state: W £ 0
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Reconstruction of motional Fock states

e First demonstration of negative quasiprobability:®

Wigner function of the first motional number state: |n = 1)

3D. Leibftied, D. M. Meekhof, B. E. King, C. Monroe, W. M. Itano, and D. J. Wineland, Phys. Rev. Lett.
77,4281 (1996).
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Reconstruction of quantum superpositions

e Reconstruction of quantum superpositions of coherent states:*

S \’; 4]

Wigner function (2/7)
°
2

hg a2 Imia) Rela) A e Rele) a7 e
(a) even coherent state: (b) odd coherent state: (c) Classical mixture:
)y ~la) + 1 - ) l)- ~ ) = | — @) Poi ~ la)al + |- a)(-al

4. Deleglise, I. Dotsenko, C. Sayrin, J. Bernu, M. Brune, J.-M. Raimond, and S. Haroche, Nature 455
510 (2008).
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The Nobel Prize in Physics 2012

was awarded jointly to

Rk S
Serge Haroche David J. Wineland
ENS Paris NIST Boulder, CO

“for ground-breaking experimental methods that enable measuring and
manipulation of individual quantum system”

Kiev, Sept. 10,2018 I Werner Vogel
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Dephased squeezed vacuum state

e Squeezed vacuum state: (ua + va')|sv) = 0, v = |v|e"¥

Gv=0.00

0>

0 #samples probability density
P

Quantumness: suppression of vacuum noise: ((AX,—0)?) < ((AXy=0)*)vac
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Dephased squeezed vacuum state

e Squeezed vacuum state: (ua + va')|sv) = 0, v = |v|e"¥

Gv=030

#samples probability density

o

Quantumness: suppression of vacuum noise: ((AX,)?) ~ ((AX,)?)vac
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Dephased squeezed vacuum state

e Squeezed vacuum state: (ua + va')|sv) = 0, v = |v|e"¥

0 =0.6

| @

0 # samples probability density
P

Dephasing: ((A%,)?) = ((A%,)*)vac
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Dephased squeezed vacuum state

e Squeezed vacuum state: (ua + va')|sv) = 0, v = |v|e"¥

09=0.6

| @

# samples probability density

Dephasing: ((A%,)?) = ((A%,)?)vac
Do quantum effects survive? J

Kiev, Sept. 10,2018 | Werner Vogel 17 /32



Nonclassicality via characteristic function

e Characteristic function:
®(B) = FT[P(a)]
¢ Nonclassicality:?

|®(a)] > 1

SW. Vogel, Phys. Rev. Lett. 84, 1849 (2000).

Kiev, Sept. 10, 2018 I Werner Vogel
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Nonclassicality via characteristic function

®(B) = FT[P(a)]

= Nonclassicality for all o

Characteristic function:

Nonclassicality:®

[®(a)] > 1

Gaussian phase noise®

Squeezing for o < 22.2°

2000
1000
500

200

5W. Vogel, Phys. Rev. Lett. 84, 1849 (2000).

bKiesel, Vogel, Hage, DiGuglielmo, Samblowski, Schnabel, Phys. Rev. A 79, 022122 (2009).
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Nonclassicality via characteristic function

Characteristic function:

2000 HP(3)|
q>(,3) = FT[P(Q/)] 1000 b — o =0.0° 0.
500 F -- 0=06.3° e
CnE 200 0= 1267 y
e Nonclassicality: 100 L —o=222
50 0T
20 F 4
()] > 1 20 r ]
5 F E
e Gaussian phase noise® 2 1811
. S E ! 2 3 4 5]
e Squeezing for o < 22.2° 05 ’

= Nonclassicality for all o

Fourier transform of ¢(3) = strongly singular P functions! J

5W. Vogel, Phys. Rev. Lett. 84, 1849 (2000).
bKiesel, Vogel, Hage, DiGuglielmo, Samblowski, Schnabel, Phys. Rev. A 79, 022122 (2009).
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P function of squeezed state

e Squeezing below the vacuum noise level:

N

e P function of squeezed vacuum = demanding regularization:

_vx—vp(az " 92 _2vx+vp-2i 9 )
Psv(a') —e T8 \ga2 " 5a2 Vx—Vp  da da* 5((1)

Kiev, Sept. 10,2018 | Werner Vogel
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Nonclassicality Quasiprobabilities: Pq

e Problem: P(«a) is singular & ® = FT(P) is not integrable

o Filtering characteristic function:” ®q(8) = ®(8)Q4(8)

7JR. Klauder, Phys. Rev. Lett. 16,534 (1966); G.S. Agarwal and E. Wolf, Phys. Rev. D 2, 2161 (1970).
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Nonclassicality Quasiprobabilities: Pq

e Problem: P(«) is singular & ¢ = FT(P) is not integrable
o Filtering characteristic function:” ®q(8) = ®(8)Q4(8)
e Construction of a nonclassicality filter®:

o Rapidly decaying function: ~ w(g) = e ¥"

o Autocorrelation function:  Qu(8) ~ [w(8)w(£ +p')d?p

7JR. Klauder, Phys. Rev. Lett. 16,534 (1966); G.S. Agarwal and E. Wolf, Phys. Rev. D 2, 2161 (1970).
8T, Kiesel and W. Vogel, Phys. Rev. A 82, 032107 (2010).
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Nonclassicality Quasiprobabilities: Pq

e Problem: P(«) is singular & ¢ = FT(P) is not integrable
o Filtering characteristic function:” ®q(8) = ®(8)Q4(8)
e Construction of a nonclassicality filter®:

o Rapidly decaying function: ~ w(g) = e ¥"

e Autocorrelation function:  Q,(8) ~ [w(B)w(£ + )%

= Regularized function Pg = FT~'(dg), called nonclassicality
quasiprobability:

7JR. Klauder, Phys. Rev. Lett. 16,534 (1966); G.S. Agarwal and E. Wolf, Phys. Rev. D 2, 2161 (1970).
8T, Kiesel and W. Vogel, Phys. Rev. A 82, 032107 (2010).
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Nonclassicality Quasiprobabilities: Pq

e Problem: P(«) is singular & ¢ = FT(P) is not integrable
o Filtering characteristic function:” ®q(8) = ®(8)Q4(8)
e Construction of a nonclassicality filter®:
o Rapidly decaying function: ~ w(g) = e ¥"
o Autocorrelation function:  Qu(8) ~ [w(8)w(£ +p')d?p
= Regularized function Pq = FT'(®q), called nonclassicality

quasiprobability:

For any quantum state: P, <0  P<0 J

7JR. Klauder, Phys. Rev. Lett. 16,534 (1966); G.S. Agarwal and E. Wolf, Phys. Rev. D 2, 2161 (1970).
8T, Kiesel and W. Vogel, Phys. Rev. A 82, 032107 (2010).
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Pq of Squeezed Vacuum

e Direct sampling of Pq:°

0.6
1 N
PQ((Y) X — fQ(X,',(,D;; a, W) 057 \
N ; 0.4 @\
e Pattern function: 5 031
“—q 0.2+
fa(x. ¢; @, w) =F[Qu(b)] or
e Phase locked measurement with 0 —s
interpolations 0.1

Squeezed vacuum state®

9T, Kiesel, W. Vogel, B. Hage, R. Schnabel, Phys. Rev. Lett. 107, 113604 (2011).
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Pq of Squeezed Vacuum

e Direct sampling of Pq:°
N 6
1 3.0x10
Pale) = 1y 2.l w)
i= o
e Pattern function: % 2ot
g 1.5x10°
: = o]
fa(x. 1 0. w) = F[2(b)] .
. £ = B e
e Phase locked measurement with g soa’
interpolations 00 b
e Continous phase measurement® o0

Quantum random numbers

o7, Kiesel, W. Vogel, B. Hage, R. Schnabel, Phys. Rev. Lett. 107, 113604 (2011).
10, Agudelo, J. Sperling, W. Vogel, S. Kéhnke, M. Mraz, and B. Hage, Phys. Rev. A 92, 033837 (2015).
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Pq of Squeezed Vacuum

e Direct sampling of Pq:° P (o)
] N 0.4~
PQ((Y) ~ N 21 fQ(Xi,(pi; a, W) 0sl
i=
e Pattern function: 0.2
fa(X, ¢; @, w)=F[Qu(b)] 01k
e Phase locked measurement with 0 i T
interpolations o R R
A T f T T T T [
. 10 0 2 1 0 1 2
e Continous phase measurement Re(w) Im(ct)
= Result for Pq Direct sampling result'

o7, Kiesel, W. Vogel, B. Hage, R. Schnabel, Phys. Rev. Lett. 107, 113604 (2011).
10, Agudelo, J. Sperling, W. Vogel, S. Kéhnke, M. Mraz, and B. Hage, Phys. Rev. A 92, 033837 (2015).
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Uncovering multipartite entanglement
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Quantum Entanglement

Example: Schrodinger’s cat (1935)

e Classical reference: product state |W) = |ya) ® |¥g)

Kiev, Sept. 10,2018 | Werner Vogel 23 /32



Quantum Entanglement

Example: Schrodinger’s cat (1935)

e Classical reference: product state (W) = [ya) ® |¥B)

e Catstate: V)~ ol )+ S50 © yd) # lwa) © ws)

Kiev, Sept. 10,2018 I Werner Vogel
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Classical Correlation versus Quantum Entanglement

e Uncorrelated (product) states: |a, b) = |a) ® |b)
e Mixture of uncorrelated states = separable states:'!
&= pila,b)a.,bl (pi: probability) @

:fchl(a,b)Ia,bXa,bl (Pg: joint probability)

'R, F. Werner, Phys. Rev. A 40, 4277 (1989).
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Classical Correlation versus Quantum Entanglement

Uncorrelated (product) states: |a, b) = |a) ® |b)

Mixture of uncorrelated states = separable states:"
&= ) plaib)a.bl  (p: probabiliy) @

=>fchl(a,b)Ia,b)<a,b| (Pg: joint probability)

General state:ﬁ:fdP(a,b)la,b)(a,bl

Entanglement quasiprobability:'? @

P(a,b) # Pu(a,b)

R, F. Werner, Phys. Rev. A 40, 4277 (1989).
12 Sperling and W. Vogel, Phys. Rev. A 79, 042337 (2009).
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Entanglement Witnesses

e Separable states form a convex set
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Entanglement Witnesses

Separable states form a convex set

Exists hyperplane, (Wy =0, dividing
set in two parts; W: Witness operator'™

B, Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A 232, 1 (1996).

Kiev, Sept. 10,2018 I Werner Vogel
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Entanglement Witnesses

e Separable states form a convex set
e Exists hyperplane, (W) = 0, dividing
set in two parts; W: Witness operator'™

e Systematic construction of optimal
multipartite entanglement witnesses:'*

e Hermitian operator [

e Separability eigenvalue problem
for N partitions:
l:a1 s @158 44 ,...,aNlaj> = glaj>7
forj=1,....N

= VAVopl =[- inf{g}i

B, Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A 232, 1 (1996).
14). Sperling and W. Vogel, Phys. Rev. Lett. 111, 110503 (2013).

Kiev, Sept. 10,2018 | Werner Vogel 25/32



Continuous variable Gaussian entanglement

Synchronously pumped optical parametric oscillator (SPOPOQ):'® frequency
comb laser. Spectrum divided into elements of equal energy.
?
{

790
)
y !

Phase shift

140 fs, 76 MHz

pulse train

- - -
ﬂ ,’/ ——————
/ Multimode
Squeezed vacuum

/
/
Homodyne detection

26/32

15, Roslund, R. Medsiros de Ardjo, S. Jiang, C. Fabre, and N. Treps, Nature Photon. 8, 109 (2014).

I Werner Vogel
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Entanglement of all bipartitions of 10 modes

nature .
photonics

LETTERS

PUBLISHED ONLINE: 15 DECEMBER 2013 | DOI: 10.1038/NPHOTON.2013.340

Wavelength-multiplexed quantum networks
with ultrafast frequency combs

Jonathan Roslund, Renné Medeiros de Araljo, Shifeng Jiang, Claude Fabre and Nicolas Treps*

Highly entangled quantum networks (cluster states) lie at the
heart of recent approaches to quantum computing’?. Yet the
current approach for constructing optical quantum networks
does so one node at a time->, which lacks scalability. Here, we
demonstrate the single-step fahrlcatlon of a multlmode

of

The coupling strength between modes at frequencies w,, and w,, is
dictated by the matrix L,,,, = f,. . P,sn» where f, , is the phase-
matching function'*'* and p,,,, is the pump spectral amplitude
at frequency w,, + , (ref. 16).

quantum resource from the p ic de

femtosecond-frequency combs. Ultrafast pulse shaping® is
employed to characterize the comb's spectral entanglement’:S.
Each of the 511 possible bipartitions among ten spectral
regions is shown to be entangled; furthermore, an eigenmode

Kiev, Sept. 10,2018 I Werner Vogel

Fr 1 A femtosecond pulse train is produced
wnh a mode-locked titanium-sapphire oscillator delivering ~140
fs pulses, and its second harmonic serves to pump synchronously
a below-threshold OPO, as detailed in Fig. 1. Homodyne
detection coupled with ultrafast pulse shaping is then employed
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Entanglement beyond bipartitions

790 795 800
Wavelength (nm)

{1,2,3,4})  {1,2,3}:{4}

(1,2,4):{3}  {1,2}:{3,4}  {1,2}:{3}:{4}

(1,3.4):{2}  {1,3}:{2,4}  {L.3}:{2}:{4}

(1L43:{2,3}  {1}:4{2,3,4}  {1}:{2,3}:{4}

{Lap{2h{3) {1):{2,45:{3) {13:{2}:{3,4} {1}:{2}:{3}:{4}
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Entanglement beyond bipartitions

790 795 800
Wavelength (nm)

{1,2,3,4}  {1,2,3}:{4}

{1,2.4):3)  {1,2}:{3,4} {1.2}:{3):{4)

{13,4):{2)  {L3}(24) {1,3}:{2):{4)

{L4}:(2,3)  {1:{2.3.4}  {1}:{2,3}:{4)

{La(2):{3) {12433} {11:2:(3.4) {1):{2):(3):(4)
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Entanglement beyond bipartitions

790 795 800
Wavelength (nm)
{1,2,3,4)  {1,2,3}:{4}

{1,2,43:{3}  {1,2}:{3,4}  {1,2}:{3}:{4}

{1,3,4}:{2}  {1,3}:{2,4} {1,3}:{2}:{4}

{1,4%:{2,3}  {1}:{2,3,4} {1}:{2,3}:{4}

{1,43:{25:{3}  {1}:{2,43:{3} {1}:{2}:{3,4} {1}:{2}:{3}:{4}
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Entanglement beyond bipartitions

1 10
\ /
790 795 800

Wavelength (nm)

e Entanglement for any mode partition
e 4 mode states: 15 partitions

e 10 mode states: 511 bipartitions,
but 115975 partitions = rich structure

Kiev, Sept. 10,2018 I Werner Vogel
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Full entanglement test of a 10-mode state'®

e Entanglement test: 10-mode frequency
comb state
e Absolute value of ¥ is lower bound for
significance of entanglement test =5 i
H_qq 2
_157 .
2 2 4 6 8 10 12
sorted partitions x 10°

16g, Gerke, J. Sperling, W. Vogel, Y. Cai, J. Roslund, N. Treps, and C. Fabre, Phys. Rev. Lett. 114, 050501 (2015).

29/32
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Full entanglement test of a 10-mode state'®

e Entanglement test: 10-mode frequency

comb state
e Absolute value of ¥ is lower bound for
significance of entanglement test =9 i
e Negative ¥ value: state is entangled “-10r i
with respect to chosen partition _18k i
2 2 ; : § 10 12

4 6
sorted partitions x 10°

16g, Gerke, J. Sperling, W. Vogel, Y. Cai, J. Roslund, N. Treps, and C. Fabre, Phys. Rev. Lett. 114, 050501 (2015).
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Full entanglement test of a 10-mode state'®

Entanglement test: 10-mode frequency
comb state

Absolute value of X is lower bound for
significance of entanglement test

10
|
(41}
T
Il

Ty

Negative ¥ value: state is entangled -1 i

with respect to chosen partition _18k |

Full entanglement of complex system: -2 5 7 s R T
all 115974 nontrivial partitions! sorted partitions x 10

16g, Gerke, J. Sperling, W. Vogel, Y. Cai, J. Roslund, N. Treps, and C. Fabre, Phys. Rev. Lett. 114, 050501 (2015).
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Summary
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Summary

¢ Notions of nonclassicality and entanglement
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Summary

¢ Notions of nonclassicality and entanglement

e Reconstructions of quantum states
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Summary

¢ Notions of nonclassicality and entanglement
e Reconstructions of quantum states

e Uncovering nonclassical states

e Nonclassicality quasiprobabilities

= Direct sampling; application to squeezed light
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Summary

¢ Notions of nonclassicality and entanglement
e Reconstructions of quantum states
e Uncovering nonclassical states
e Nonclassicality quasiprobabilities
= Direct sampling; application to squeezed light

e Uncovering multipartite entanglement: all 115974 partitions

e Support by EU and DFG: @ Wﬂ*ﬁ“
QCUMbER
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Thank you for your attention!
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