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B \ Multimode quantum optics

LKB

Optical frequency comb + quantum optics
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Femtosecond mode-locked laser -> Huge number of modes (~ 10° frequencies)
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\ Multimode quantum optics

Optical frequency comb + quantum optics
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\ \ Multimode quantum optics

Optical frequency comb + quantum optics
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Optical frequency comb + quantum optics

Synchronously pumped OPO
Pump : 200fs
80Mhz rep rate
400nm
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B \ \ Multimode quantum optics

Optical frequency comb + quantum optics

Synchronously pumped OPO
- Pump : 200fs H — ih I at ol
80Mhz rep rate Z — LR T =m Tn

400nm m,n

Symmetric Frequency Correlations
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\ \ Multimode quantum optics

Optical frequency comb + quantum optics

Synchronously pumped OPO
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\ \ Multimode quantum optics

Optical frequency comb + quantum optics

Synchronously pumped OPO
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Optical frequency comb + quantum optics
Synchronously pumped OPO
| Pump : 200fs H — ik Z I at  af
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Optical frequency comb + quantum optics

Synchronously pumped OPO
Pump : 200fs _ ~ 1
80Mhz rep rate H =h Z Lm.na
400nm

Complex entanglement structure Wy
(quadratures entanglement)
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Characterization : homodyne detection
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\ Characterization 1: pulse shaping

Characterization : mode-selective homodyne detection
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\ \ Characterization 2: multi-pixel

Characterization : multi-mode homodyne detection

. I
L Multimode Quantum Resourcg ;| Multi-Pixel Homodyne Detection

___________________ I Frequency-resolved detection
I Simultaneous Detection
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Spectrum - Noise level

\ \ Eigenmodes

LKB

Pulse shape
|
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Diagonalization

Independent Squeezers

Unique temporal / spectral pulse

shapes

-1.7dB
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-0.8dB

-0.5dB

J. Roslund, R. Medeiros, S. Jiang,

C. Fabre and N. Treps,

>

Nature Photonics 8, 109-112 (2014)

Wavelength
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\ \ Eigenmodes

Diagonalization

{

* Independent Squeezers
* Unique temporal / spectral pulse
shapes = «supermodes»

It corresponds to

H=ihy L_pmna ., a}
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Spectrum
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Pulse shape
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790 795 800 805
Wavelength (nm)

10 frequency bands
115 974 possible partitions

Classical / quantum limit

All non separable !

S. Gerke, J. Sperling, W.
Vogel, Y. Cai, J.
Roslund, N. Treps, and
C. Fabre, Phys Rev Lett
1 114, 050501 (2015).
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PHYSICAL REVIEW A 71, 055801 (2005)
multimode quantum

Samuel L. Braunstein G ausslan ressource =

Computer Science, University of York, York YOI10 5DD, United Kingdom +
(Received 6 March 2005; published 31 May 2005) Squeezed mOdeS

Squeezing as an irreducible resource

basis change

(Y
multi-port = 3
U multi-port
D2 D pocd —
- Bloch-Messiah a = (al» a, ..., Ay )

voo [Bal  see duction BlERXNE collection of input modes

e a.v} = (1,9, -, 95,01, P2, ---PN)-

V1 multi-port

/ / -
/ squeezing

Qout — g Qin S = R{ARZ
Pout Pin \ bTasis change

Bloch-Messiah reduction
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\ Bloch-Messiah decomposition

LKB

PHYSICAL REVIEW A 71, 055801 (2005)

Squeezing as an irreducible resource

Samuel L. Braunstein
Computer Science, University of York, York YOI10 5DD, United Kingdom
(Received 6 March 2005; published 31 May 2[]'[}5)

\ ’/‘ / L I I 3
multi-port
U multi-port

D -

y D Bloch-Messiah a = (al» az, ..., Ay ) -
voo [Bal  see duction BlERXNE collection of input modes

multlport VT multiport {q) p} — (CI1; qz; ---;qN; pll pz; ---pN).
/ / x | h input modes in vacuum -> discard R,

/ squeezing

Qout - qin S = R{A}(z

Pout Pin baS|s change

Bloch-Messiah reduction



V81 SORBONNE

LKB

multipartite entanglement
in frequency-pixel basis

Tout) i X
_ il “\. Y :IH Wl
Dout squeezing in the Al ,Im' Il I
supermodes basis ,,I//Il"u h. ,/l/lllui\ :,///," [, M.
/ squeezing
(qout> - (qin> S = R{A}(z
Pout Pin \ basis change

Bloch-Messiah reduction
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\ \ Cluster states

Controlling B-M
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Collection of N irﬁ(tely p-squeezed states (modes)

Control on R}
(basis change)

via mode-selective
homodyne

G. Ferrini et al, New J Phys 15,
093015 (2013)

G. Ferrini et al., PRA 94,
062332 (2016)
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Squeezing (dB)

\ \ Cluster states
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Collection of N i@(tely p-squeezed states (modes)
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Y Cai, J Roslund, G Ferrini, F Arzani, X Xu, C Fabre, N Treps Nature Communications 8, (2017)
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five-partite secret sharing protocol with six mode all-optical quantum graph

% Secret can only be retrieved through a collaboration of subsets of the 3 players

¢ quantum correlations increase both the protocol security as well as its
retrieval fidelity compared to classical resources

Y. Cai, J. Roslund, G. Ferrini, F. Arzani, X. Xu, C. Fabre & N. Treps, Nature Communications 8,15645 (2017)
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\ \ A cluster for secret sharing

five-partite secret sharing protocol with six mode all-optical quantum graph
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Groups of secret sharing

Y. Cai, J. Roslund, G. Ferrini, F. Arzani, X. Xu, C. Fabre & N. Treps, Nature Communications 8,15645 (2017)
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B \ \ A cluster for secret sharing

five-partite secret sharing protocol with six mode all-optical quantum graph

nodes=
frequency modes

with complex shape —

|

mode sorting for distributing the nodes between
parties in different locations is not trivial

Y. Cai, J. Roslund, G. Ferrini, F. Arzani, X. Xu, C. Fabre & N. Treps, Nature Communications 8,15645 (2017)
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B \ \ A cluster for secret sharing

LKB
five-partite secret sharing protocol with six mode all-optical quantum graph

nodes=
frequency modes
with complex shape —

|

mode sorting for distributing the nodes between
parties in different locations is not trivial

can we have nodes= frequency bands?

a.u.
QHHH
5 ’ ). -
4 gy m m T m
3 a, [ m y 3 M
2
1

785 790 795 800 805 (™)



V81 SORBONNE

B \ \ A cluster for secret sharing

five-partite secret sharing protocol with six mode all-optical quantum graph

nodes=
frequency modes
with complex shape —

|

mode sorting for distributing the nodes between
parties in different locations is not trivial

can we have nodes= frequency bands?

j pump shaping

optimization procedure

based on an

Iil evolutionary algorithm

S F. Arzani et al, arXiv:1709.10055
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B \ A cluster for secret sharing

LKB

five-partite secret sharing protocol with six mode all-optical quantum graph

nodes=
frequency modes

with complex shape —

|

mode sorting for distributing the nodes between
parties in different locations is not trivial

can we have nodes= frequency bands?

Nullifiers Pump spectrum
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—_ F. Arzani et al, arXiv:1709.10055
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Collections of quantum systems arranged in a non-regular topology
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\\ Quantum complex networks

Collections of quantum systems arranged in a non-regular topology
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\ Quantum complex networks

LKB

Collections of quantum systems arranged in a non-regular topology
Why interesting ?

: '\ ?..‘.’!;".. -
' ggi;‘;ﬁ% e

a/ ah" l.'-" "‘"
:..- -

1) quantum description of complex network = different from classical case
localization, quantum walk, phase transition, quantum transport, synchronization, etc

2) quantum networks with no classical equivalent ( ex. entanglement connections)
= Future quantum communication and information technologies -> ( computational complexity,

but also complex topology)

3) quantum complex networks useful in several contexts,
e.g. open system dynamics, quantum gravity

G. Bianconi, EPL (Europhysics Letters) 111, 56001 (2015). J. Biamonte, M. Faccin, and M. De Domenico, arXiv:1702.08459.
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\ Quantum complex networks

LKB

Collections of quantum systems arranged in a non-regular topology
Why interesting ?

1) quantum description of complex network = different from classical case
localization, quantum walk, phase transition, quantum transport, synchronization, etc

2) quantum networks with no classical equivalent ( ex. entanglement connections)

= Future quantum communication and information technologies -> ( computational complexity,
but also complex topology)

3) quantum complex networks useful in several contexts,
e.g. open system dynamics, quantum gravity

G. Bianconi, EPL (Europhysics Letters) 111, 56001 (2015). J. Biamonte, M. Faccin, and M. De Domenico, arXiv:1702.08459.
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\ Quantum complex networks

Our proposal: reconfigurable optical implementation
Collections of quantum systems arranged in a non-regular topology

harmonic oscillators

LKB

spring-like coupling

" .?g-ﬂ KIS
4 P »= =
W ey
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X |
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reconfigurable coupling and topology,
relevant size (here 50 nodes)
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J. Nokkala, F.Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ \ Quantum complex networks
Network dynamics

s &
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A, = W§/2‘|‘Zj gij /2
Aizj = Gij/2

A, = diag{wi,...,wn}

qT — (CI1; d2, ""qN)'
pT — (pll P2, pN)

periodic shortcut random
/. o0 ~,

i

!

f

\
N\

A
J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ Quantum complex networks
Network dynamics

? 4
iy = B8P L T /ALTAVALTG
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(30 = (BDET, TORTEY (d0)
p(t)) ~\-n08 1t B0t (p(0)

sSin COSs

LKB

periodic shortcut random

* o0 o’

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ Quantum complex networks
Network dynamics

? 4
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] O 1 O —
(Q(t)) (TIIDD” SV? g() Tl) (q(O)) symplectic transformations
2,

cOs

periodic shortcut random

* o0 o’

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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Network dynamics
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Shortcuts

Ranaom

» time

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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" Network dynamics

(q@)) _ (TlDé?OJ IS nDifnT;l) (q(m)
p(t) U Ve | \p(0)

sin- < COS

Periodic

Shortcuts

ranaom

given time

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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- Network dynamics -> Bloch-Messiah reduction
at)\ _ (DS o BDIIE' (a(0)\ _ pT A sq q(0)
p(t)) — \“BDgy SVBD&STQ* p(0)) Ry A% R (p0)
7
L
{ 3§
{ §
X'\ .x"f

Ranaom

A%

given time

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726



Quantum complex networks
Network dynamics -> Bloch-Messiah reduction

if vacuum

(40 = (T 5 BRI, (<9 - BT s (40)7

SIT1 | coSs

— =
oy T %
f bf T
1y ,-'f & 4
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g3
: T
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A%

given time

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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Optical implementation-> Bloch-Messiah reduction__

(o) - (A0 s B (36) - = oo ()

“ﬁll] COS

k2
A,
X

experimental control

] | A S9
i i ex
. _.ﬂ'_i : pump shaping

optimization procedure
based on an
- . . = evolutionary algorithm

F. Arzani et al, arXiv:1709.10055

Asq

given time

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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L Network dynamics -> Bloch-Messiah reduction

if vacuum
(40 - (G 5vIBHE) (20) = BT v (49))

experimental control

._ﬂllm, - € i }. - ,,]ru,l,l|l|i: i Lo . lex
: HD
I - choosing the
9m> Pm measurement basis
,.er.J|||!'I,_]l.--u. =Rmi i ++i Rmovsn ! #0) m-th nodes encoded in
e = the mode defined by the

m-th row of R1

M | Ry = Rngery -+ Rmgan

Riex =

~ o

given time

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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- Network dynamics -> Bloch-Messiah reduction .
|fvacu§m

at)\ _ (@D o BDST (a(0)\ _ pT Asq q(0)

(p(t)) (—/ Dt SVUDY,; , ) \p0)) R A % p(0)
experimental control
experimentally implementable squeezing (blue) and theoretical values (red)

SqidB) Aﬁ' & SgqidB) e SgidE) .

v

e, time

{ : shape of the mode encoding the 26-th oscillators

= I BiBO 2.5 mm

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726



\ Quantum complex networks yeme
- Network dynamics -> Bloch-Messiah reduction
acuim

a®)\ _ (@D o BDST N (a(0)\ _ pT Asq q(0)

(p(t)) ( To Dy, SVUDf?,J )(p(@) =R A % p(0)
experimental control
experimentally implementable squeezing (blue) and theoretical values (red)

/
Sq(dB) NEEE 5 [590dE) c |9 o

shape of the mode encoding the 26-th oscillators

BiBO 1.5 mm

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726



B \ \ Quantum complex networks y=me
- Network dynamics -> Bloch-Messiah reduction
a(t)\ _ (A T (40)\ _ pT A sg q(0)
(5)) = (G0 Svin i) (36) = RY A% R (30

experimental control

experimentally implementable squeezing (blue) and theoretical values (red)

if not vacuum

Initialization from vacuum can be included in the dynamics if state is
pure and Gaussian

or

initial larger (2N) multimode entangled state -> tracing over half mode to obtain
a mixed (thermal) state

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\\ Quantum complex networks

Experimental feasibility Current setup

50 Hermite-Gauss modes with quantum properties are
At /eaSt 50 nOdeS needed generated (We can go up to 100)
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eeeet
J. Nokkala, F. Arzani, F. G’dl\f\e, <. £dIniim, O.BIVI'dIIISU'dIUU, J. r'|||cu, IN. 1ieps, anu v. Parigi arXiv:1708.08726
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\ \ Quantum complex networks

Current setup

50 Hermite-Gauss modes with quantum properties are
At /eaSt 50 nOdeS needed generated (We can go up to 100)

Detection of the first

Lﬂﬂmm]h W‘“‘m Hﬂwﬂh F&qﬂ% Fﬂwﬁmﬂﬂ EDJ W”UJ% F H%m“ 16 has been done

-10dB -7.5dB

J. Nokkala, F. Arzani,

ﬂ Work in progress on
coherent broadening of
the LO spectrum

* oo oo

F. Galve R. Zambrini, S. Mamscalco J. P||Io N. Treps, and V. Parigi arXiv:1708.08726
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LKB
Non-Gaussian operations : coherent mode dependent single-photon subtraction

Young-Sik Ra, Clément Jacquard, Adrien Dufour, Claude Fabre,

Signal and Nicolas Treps Phys. Rev. X 7, 031012 (2017)
1 2 3 M. Walschaers, C. Fabre, V. Parigi, N. Treps, accepted in Phys. Rev.Lett
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\ More and Outlook

Non-Gaussian operations : coherent mode dependent single-photon subtraction

LKB

Young-Sik Ra, Clément Jacquard, Adrien Dufour, Claude Fabre,

Signal and Nicolas Treps Phys. Rev. X 7, 031012 (2017)
1 2 3 7 M. Walschaers, C. Fabre, V. Parigi, N. Treps, accepted in Phys. Rev.Lett
R
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ssTransport of non-Gaussian information in complex networks

s All optical quantum repeaters for quantum communication
collaboration with Peter van Look

_,L optimal nonlocal preparation of approximate DV Bell states

C— \ — via photon- subtraction + optimal entanglement swapping
— —VL via multiplexing

probability of the process scale as (1 — P)N , N = number pf modes
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\ Towards larger complex networks ?

LKB

« Number of modes :16 at the moment but they are only limited by the measurement
procedure -> they could be around 40 if we increase the spectral bandwidth of LO

» Exploring new experimental setup -> “big-states” 10*5 modes

dual-rail cluster:
entanglement structure
in the pulses (time) basis

S.Yokoyama, R. Ukai, S. C. Armstrong, C. Sornphiphatphong, T. Kaji, S. Suzuki, J. Yoshikawa, H. Yonezawa, N. C.
Menicucci & A. Furusawa Nature Photonics 7, 982-986 (2013); APL Photonics 1, 060801 (2016)
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\ Towards larger complex networks ?

LKB

« Number of modes :16 at the moment but they are only limited by the measurement
procedure -> they could be around 40 if we increase the spectral bandwidth of LO

» Exploring new experimental setup -> “big-states” 10*5 modes

the multimode structure

in the frequency domain is
maintained .

Community structures

dual-rail cluster:
entanglement structure
in the pulses (time) basis

S.Yokoyama, R. Ukai, S. C. Armstrong, C. Sornphiphatphong, T. Kaji, S. Suzuki, J. Yoshikawa, H. Yonezawa, N. C.
Menicucci & A. Furusawa Nature Photonics 7, 982-986 (2013); APL Photonics 1, 060801 (2016)
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\ Quantum complex networks
- Network dynamics -> Bloch-Messiah reduction

(54) - (AL s ) (30) - s (33

cOos

experimental control

experimentally implementable squeezing (blue) and theoretical values (red)

/

Sq(dB) A | S9tE) 5 [S9(dE) c [satee) 5

,.-“"" 3
"I;Hu:l & -§ nwf&‘l% """ MF‘ ':lq; -a_ﬂ___nqwll\ 2o "*én -m.- en uw """

» " \ time
shape of the mode encoding the 26-th oscillators
BiBO 1.5 mm

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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LKB

\ \ Quantum complex networks

Ex: complex network = structured environment
additional oscillator= probe/system

Additional oscillator

T
Hs = (p§ + w$qé)/2, Hg = ? +qTAq H, = —kqsq;

. . Measure the state of the probe
+H.+ ‘
Evolution given by Hg+Hs+ H and recover the structure

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726



\ Quantum complex networks ume
- Ex: complex network = structured environment
additional oscillator= probe/system
k*g? b
J(w) = e 5’ 6(w— Q) T) = wf v (t)cos(wt) dt
2 f : spectral density of environmental coupling 0
Analytical

B C
J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ Quantum complex networks

LKB :
Ex: complex network = structured environment
additional oscillator= probe/system
Additional oscillator
p'p
Hs = (05 + w545)/2, Hp=—>-+q"Aq  Hi=—kqsq;

Measure the state of the probe
Q(1) - i Q(0) \and recover the structure
ds (t) L Och0501 Ol DsinOQ qs (O)
P(t) _OQDsinol_l OQDcosOg_l P(O)

Ps(t) Ps(0)

B C
J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ Quantum complex networks

LKB :
Ex: complex network = structured environment
additional oscillator= probe/system
Additional oscillator
p'p
Hs = (05 + w545)/2, Hp=—>-+q"Aq  Hi=—kqsq;
Measure the state of the probe
Q(1) ) i Q(0) \and recover the structure
qs(t) | _ S qs(0)
P(t) : 1) | o)
ps(t) ps(0)
[T
AT
.,
£
: 1 |
\ i =
\\M,,- &

J. Nokkala, F. Arzani, F. Gal\l/\e, <. dII, D.Blwalusualuu, J. r'|||cu, N. 11eps, anu v. Parigi arXiv:1708.08726
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\ \ Quantum complex networks £ @ veme

Ex: complex network = structured environment
additional oscillator= probe/system

Additional oscillator
p'p
Hs = (p§ + w§q§)/2, Hg = —-+q"Aq  H = —kasq;

| Measure the state of the probe
Q(?) ] - - Q(0) and recover the structure
as(t) | _ ({’)z);,\(, 01D, OF ) las (0)

P(t) SO Dl ~ 05Dess05 " ) |1PO) || ™ vacuum?
Ps (t) pS(O)* doesn’t work
[ f
i

Ve "

/ \

{ 1

\ /f et

\\-‘_.H—‘/

J. Nokkala, F. Arzani, F. Gal\i\e, <. dII, Q.Blwalusualuu, J. r'|||cu, N. 11eps, anu v. Parigi arXiv:1708.08726



\ Quantum complex networks u=me
- Ex: complex network = structured environment
additional oscillator= probe/system
Additional oscillator
p'p

Hs = (05 + w545)/2, Hp=—>-+q"Aq  Hi=—kqsq;
Q((?) . preparing at least
%S ; = ( the probe in a

(t) ) non-vacuum state
Ps(t)

B C
J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ Quantum complex networks

LKB :
Ex: complex network = structured environment

additional oscillator= probe/system

Additional oscillator

T
Hs = (p§ + w$qé)/2, Hg = ? +qTAq H, = —kqsq;

Q((t)) Q(0)

as(t) | _ s(0)

P((t)) (' Sﬁff . (})(0) vacuum
ps(t

Ps(0)

B C
J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726



\ Quantum complex networks u=me
- Ex: complex network = structured environment

additional oscillator= probe/system

Additional oscillator
p'p
Hs = (05 + w545)/2, Hp=—>-+q"Aq  Hi=—kqsq;
Q((t)) - Q(0)
qs(t :( Ri As¢ . qs(0)
P(t) ‘ 1 P(0) vacuum
Ps(?) ps(0)
|

SN

{ }

\ /

\\HH‘ //

J. Nokkala, F. Arzani, F. Gal\f\e, <. dII, O.BIVIdIIISU'dIUU, J. r'|||cu, N. 11eps, anu v. Parigi arXiv:1708.08726
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LKB :
Ex: complex network = structured environment

additional oscillator= probe/system

Additional oscillator
p'p

Hs = (05 + w545)/2, Hp=—>-+q"Aq  Hi=—kqsq;
Q((t)) - Q(0)

as(t) | _ ( Ri As¢ . qs(0)

P((tt)) ‘ ! P ((0)) vacuum

Ps ﬁ ps(0
1) choose a frequency 2) implement

of the probe experimentally

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ \ Quantum complex networks

Ex: complex network = structured environment
additional oscillator= probe/system

Additional oscillator
p'p
— 2 2 2 - — :
Hs = (ps + w5q5)/2, Hg = N +q'Aq H; = —kqsq;
as(t) | _ ( ¢ RT ASY ) |as(0)
P((t{)) ~ou ! 7 | |P) (| vacuum
1) choose a frequency 2) implement
of the probe experimentally 15
3) measure the probe g 10
get a point L
o)

0.2 045 0.7
J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N.oTreps, and V. Parigi arXiv:1708.08726
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\ \ Quantum complex networks

Ex: complex network = structured environment
additional oscillator= probe/system

Additional oscillator
He = (02 + w2a2)/2 _p'r, H = —kaeq:
s = (p§ +w5q5)/2, Hy = 5 +q Aq I = dsqi
as(t) | _ ( ( RT A sS4 ) | |as(0)
P(t) ~oul 7 | (PO  vacuum
Ps(t) ﬁ ps(0)
1) choose a frequency 2) implement
of the probe experimentally |
3) measure the probe repeat g 10}
get a point o
-
5_

045 0.7
J. Nokkala, F.Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N, Treps, and V. Parigi arXiv:1708.08726
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Ex: complex network = structured environment
additional oscillator= probe/system

LKB

Experimental feasibility

Q((t)) - Q(0)

as(t) | _ s(0)

- (O [ ..
Ps(t

ps(0)
‘e
A S q 25 theory
11 ﬁ
2.0
1.5
1.0 00ecececceccccccecssccscesccscccssssscsscscessssces
’ 10 20 30 40 50 mode index

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ \ Quantum complex networks

Ex: complex network = structured environment
additional oscillator= probe/system

Experimental feasibility

Q((t)) - Q(0)

as(t) | _ s(0)

P((t)) (' H . %m) vacuum
Ps(t

Ps(0)

S :.o.
A . q 25’ )
17 f Gaussian pump spectrum
2.0 "4
1.5
107 (I TYYTYYY :l oooooooooooooooooooooooooooooooooooooooo .
' 10 20 30 40 5o [Mmode index

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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LKB :
Ex: complex network = structured environment

additional oscillator= probe/system

Experimental feasibility

vacuum

optimizing the pump shape

1.0t .Ooooooo:. oooooooooooooooooooooooooooooooooooooooo

10 20 30 40 50777006 index

J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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\ \ Quantum complex networks

Ex: complex network = structured environment
additional oscillator= probe/system

Experimental feasibility

Q(t) Q(0)
qs(t) qs(0)
P(t) P(0) vacuum
Ps (1) o Ps(0)
& % Noan N n m
S )R ol -
4 Pl g-,,%t"ﬁ okl . wvw—

e -~
Local oscillator shape ;’/M \\

N fl Y " I'-.I
s 1\ (Y e BT = N ) U
{ | K \ | | Y \ P f { .I
L] . b4 0.45 i -~ o5 - e Agnm) -wJ' — B P _..EJ A {nm) e !"‘? i ! . = Ao
\ 4 , Vbt i
s ‘—bfv't.

(no optimization pump shape)

J. Nokkala, F. Arzani, F. Galvé, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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LKB :
Ex: complex network = structured environment

additional oscillator= probe/system

Experimental feasibility

vacuum

Local oscillator shape

(optimization pump shape)

J. Nokkala, F. Arzani, F. Galvé, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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LKB :
Ex: complex network = structured environment

additional oscillator= probe/system

Experimental feasibility

vacuum

Local oscillator shape

(optimization pump shape)

J. Nokkala, F. Arzani, F. Galvé, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps, and V. Parigi arXiv:1708.08726
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Ex: complex network = structured environment

additional oscillator= probe/system
Experimental feasibility

Jioos) /Maxijieos))

J) /K2

Results

* oo oo

J. Nokkala, F. Arzani, F. Gal\?e, R. Zambrini, S.BManiscaIco, J. Piilco, N. Treps, and V. Parigi arXiv:1708.08726
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