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DCE physical realisation : superconducting circuits

Line with a tunable extra length

Coplanar waveguide - a %
transmission line for *

|D microwave photons

L
B SQUID - -9
‘> interrupted by two o

| o - Ae i A
ext . _z Josephson junctlons. I Termination inductance
| "\ Can be used as a ™ Inductance per unit length of the ine
I tunable inductor. SQUID = Tunable inductance

Dynamical Casimir Effect

C.M. Wilson, G. Johansson, A. Pourkabirian, M. Simoen, J.
R. Johansson, T. Duty, F. Nori and P. Delsing, Nature (2011)



Dynamical Casimir Effect

PAIRS OF ENTANGLED PARTICLES
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PA'RT'ICLE‘S OUT OF THE VACUUM! 2004

DCE ENTANGLES ARTIFICIAL
ATOMS

Transmon 1 -l— SQUID -l— Transmon 2
Cavily 1 Cavily 2
—— ——

Simone Felicetti et al. PRL 113, 093602 (2014)

0.003!
0.002
0.00%

J QD0 o v o o s o v st . . o —
0000 0002 0004 0006 0008 0O
€

Quantum correlations vs oscillation amplitude

D. N. Samos-Saénz de Buruaga & C.S. Phys. Rev. A 95, 022307 (2017)
C. S, L. Fuentes, G. Johansson, Phys. Rev A 92, 012314 (2015).

C.S. ,G.Adesso Phys. Rev. A 92, 042107(2015)

BOSON SAMPLING
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B. Peropadre, C. S, J. Huh Sci. Rep. 8, 3751 (2018)



Multimode parametric amplification of the vacuum

O Multimode quantum correlations!

(O Bipartite and tripartite entanglement out of the vacuum via DCE!
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Multimode parametric amplification of the vacuum
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Pump (“mirror”) frequency: 0 = w, + Wy, * tWOCImOdE Hgleis=rasi
modes a-

D = ‘a) — W, ‘* beam splitter modes



Multimode parametric amplification of the vacuum

two-mode squeezer

Pump (“mirror") frequency: () = @q T Wy, * d b
modes a-

n = ‘0) — w, ‘* beam splitter modes

0 Two options:

Sequential application of different frequencies to get sequences of two-mode
squeezers and beam-splitters.

() Simultaneous application of several frequencies * A+B ;é eA &

* O Extra interactions



DCE physical realisation : superconducting circuits
0 Paraoanu’s group in Finland
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0 Multimode quantum correlations!

0 Theory: D. E. Bruschi, C.S. G. S. Paraoanu,

PRA (2017) ™S
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Frequency [GHZ]

Multimode entangled microwaves

O Bisqueezing scheme:
f3 fl‘?l =f1 +f2
f, ];)2 = f2 +f3

f 0 Coupled modes scheme:

. i =fi+
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-0.5 0.0 0.5
£ for = 1= 1
Frequencies Entanglement Measures

Scheme Modes Pumps Unin Nt S

CM |4.20, 6.16, 7.55| 10.36, 3.35 |{0.48 £ 0.002, 0.39 £ 0.002, 0.57 £ 0.002{0.73 + 0.005|1.49 £+ 0.01
BS |]4.20, 6.16, 7.55[10.36, 11.75|[0.31 £ 0.003, 0.48 £ 0.004, 0.39 + 0.004{0.94 + 0.012{1.19 £ 0.01

O Multimode quantum entanglement!

C. W Sandbo Chang, M. Simoen, J. Aumentado, C. S. et al. Phys. Rev. Appl. 10, 044019
(2018).



Third order processes

0 Transmission line terminated by asymmetric SQUID E],l 75 E],z

Interaction Hamiltonian
» Asymmetry in the SQUID

cI)('.:aV
o, - a(cbext)>

« Egg = Ej(®gy)cos <2n

- asymmetry gives a flux dependent offset a(®,,,) to D,

= this gives us access to the cubic term

> Third-order SPDC Hamiltonians

Single Mode: Ay, = hg (a3 +at”) Three Mode: A = hg(abé + athtet)
SPDC Combinations Frequency [GHz| Effective Hamiltonians
Pump Mode 1 Mode 2 Mode 3
Single-mode| f,1 = 3 X fi 12.6 4.2 - - IAIIM = hg ai + (}{3)
Two-mode |fp2 =2 x fi+ f2 | 14.5 4.2 6.1 - |Hom = hg (a%a2 + aj”a{,)
Three-mode| fp3 = fi + fo + f3| 17.8 4.2 6.1 7.5 |Ham = ho (18263 + {;;(-,.g(-,;)

C.W. Sandbo Chang, F. Quijandria, C. S, G. Johansson, C. Wilson et al. (to appear in PRX)



Third order processes

z <LLI > Z

Data

Prediction from theory
Hin = hg(abé + athtet)

O Non-gaussian states * ) Three-mode correlators*

0 Non-gaussian multipartite entanglement?

C.W. Sandbo Chang, F. Quijandria, C. S, G. Johansson, C. Wilson et al. (to appear in PRX)



O Non-gaussian states * ) Three-mode correlators *

0 Non-gaussian multipartite entanglement?

u = hix; + haxy +hyx;

. 5 2 : o o ] '
S = {(Au")y + (Av7) = 2min{lhig| + |1l g + hegel} ) — gip1 + &p2 + g3p3

Standard criteria are based on two-mode correlators *
Fail to detect entanglement in three-mode SPDC (PRL 120, 043601 (2018))

Need new criteria based on three-mode correlators! *
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Full tripartite entanglement
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Genuine tripartite entanglement
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A. Agusti, G. S, G. Johansson, C. Wilson et al. (in progress)




[(abe)| > (N;)(N;Ng)

* Full tripartite entanglement
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Genuine tripartite entanglement
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T=10 mk T=30 mk
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Conclusions

* DCE as a useful resource for QTs: bipartite and multipartite
guantum correlations

* Multimode parametric amplitication of the quantum vacuum.

* [wo different notions of multipartite entanglement emerge:
gaussian entanglement with double SPDC or non-gaussian with
three-mode SPDC.




