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Gain-loss system

H=ga ac+aral).
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S. Scheel a dAS ameil EuroPhys.Lett. 122,
and G. Wunner, Phys. R A9O 5 20 (2014).

p=—iH,p|+ 2% Dlar]p + 2vc Dla]p

Local Bath
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Mean-field dynamics

* Typical example of non-Hermitian “Hamiltonian”

* Generally two complex eigenvalues, non-orthogonal eigenstates

R. El-Ganainy, K. G. Makris, M. Khajavikhan, Z. H. Musslimani, S. Rotter, and D. N. Christodoulides, Nat. Phys. 14, 11 (2018).

o Pa ri'ty Ti m e (PT) Sym m et ry : C. E. Rueter, K. G. Makris, R. El-Ganainy, D. N. Christodoulides, M. Segev, and D. Kip, Nat. Phys. 6, 192 (2010).

PARITY TIME REVERSAL
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Mean-field dynamics - PT symmetry

EXACT PHASE EXCEPTIONAL POINT BROKEN PHASE
¥ < g Y=9 Y=g
 Real eigenvalues  Coalescing eigenvalues * Imaginary eigenvalues
 Non-orthogonal  Parallel eigenvectors  Non-orthogonal
eigenvectors eigenvectors

— Gain

Loss

C. E. Rueter, K. G. Makris, R. El-Ganainy, D. N. Christodoulides, M. Segev, and D. Kip, Nat. Phys. 6, 192 (2010).



Second-moment dynamics

quantum

e Encoded in the 4 x 4 covariance matrix:

Uz’j — <XZXJ - X]XZ>

C. Gardiner and P. Zoller, Quantum Noise: A Handbook of Markovian and Non-Markovian Quantum Stochastic Methods
with Applications to Quantum Optics, 3rd ed., Springer Series in Synergetics (Springer-Verlag, Berlin Heidelberg, 2004).
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Second-moment dynamics

uncertainties on local fields Cross correlations
(alar), (alac), ... - L C (a!ag), . ..
=\ cT ¢

e Time evolution:

oc=Yo+oY" +4D

C. Gardiner and P. Zoller, Quantum Noise: A Handbook of Markovian and Non-Markovian Quantum Stochastic Methods
with Applications to Quantum Optics, 3rd ed., Springer Series in Synergetics (Springer-Verlag, Berlin Heidelberg, 2004).

* Focus on Gaussian states: 0 < - > 0 (up to local displacement)

G. Adesso, S. Ragy, and A. R. Lee, Open Syst. Inf. Dyn. 21, 1440001 (2014).
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Classical and quantum correlations

Pure states Mixed states
Quantum Correlations Quantum Correlations
= D
Entanglement Entanglement
Classical Quantum Correlations in
= “classical-looking” states:
Separable Quantum Discord

N. Korolkova and G. Leuchs, Rep. Prog. Phys. 82,056001 (2019).
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Classical and quantum correlations

Classical

Mutua S(G) + S(L) — S(GL)

Information

Correlations

“lassical S(G) — S(GIL) = S(L)— S(L|G)
. M. Cover and J. A. Thomas, Elements of Informa- tion Theory, 2nd ed. (Wi , , , )

Wiley-Interscience, Hoboken, N.J, 2006).



Classical and quantum correlations

Quantum

nformation S(pc;) + S(pr) — S(pcr)

M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information: 10th Anniversar y
Edition, anniversary edizione ed. (Cambridge University Press, Cambridge ; New York, 2010).

Classical

Correlations more difficult to upgrade...
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Classical and quantum correlations

e Quantum version of Classical Correlations

Car = S(/OL) — min ZPkS(PL\k)
local POVM /Gk K \ \

measurements on G probability of state of L after
outcome k measurement on G

Vedral V. (2017) Foundations of Quantum Discord. In: Fanchini F., Soares
Pinto D., Adesso G. (eds) Lectures on General Quantum Correlations and
their Applications. Quantum Science and Technology. Springer, Cham 11



Classical and quantum correlations

e Quantum version of Classical Correlations

Car = S(ﬂL) — min ZPkS(PL\k)
local POVM /Gk K \ \

measurements on G probability of state of L after
outcome k measurement on G

« Quantum Discord

DGL _ I o CGL Pure

Quantum
/ N Correlations!
H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001). Total Classical
K Modi. A Broduteh, H. Cable. T, Patorek. and v Vedial. Rev. Mo, Correlation Correlations

Phys. 84, 1655 (2012). 12



Classical and quantum correlations
Carn #Cra

Dcr, # Drc

Quantum Discord

 Asymmetric




Classical and quantum correlations

Quantum Discord Quantum Correlated States

* Asymmetric Discordant States

* Discord ) Entanglement

pa = 3 (|+)a(+| @ [0)5(0[ +[0)4(0| @ [1) 5 (1)

Entangled States
00) + [11)
V2

14 K. Modi, A. Brodutch, H. Cable, T. Paterek, and V. Vedral, Rev. Mod. Phys. 84, 1655 (2012).




Classical and quantum correlations

Quantum Discord Caor =295 (PL) — min E PrS (/OL|k)
Yk
. _ K~
 Asymmetric Gaussian measurements

* Analytical Formula
T — 1(o)

* Gaussian Discord Ceir, — Coup (o)

Der — Der (o)

P. Giorda and M. G. A. Paris, Phys. Rev. Lett. 105, 020503 (2010).
G. Adesso and A. Datta, Phys. Rev. Lett. 105, 030501 (2010).

 Optimal

S. Pirandola, G. Spedalieri, S. L. Braunstein, N. J. Cerf, and S. Lloyd, Phys. Rev. Lett. 113, 140405 (2014).

* Discord ) Entanglement
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Classical and quantum correlations

Quantum Discord

 Asymmetric
» Separable = 0 <D < 1

* Discord ) Entanglement

» Gaussian Discord e Entangled = D > 1

‘ G a u SS I a n St at eS G. Adesso and A. Datta, Phys. Rev. Lett. 105, 030501 (2010).
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Dynamics of quantum correlations

po = |l Xaa| @ lapXar| +— 09 = 14 No initial correlations!

G. Adesso, S. Ragy, and A. R. Lee, Open Syst. Inf. Dyn. 21, 1440001 (2014).

Gain / Loss channel: Coupling:
LOCAL BEAM SPLITTER LIKE
NO
ENTANGLEMENT

M. S. Kim, W. Son, V. Buzek, and P. L. Knight, Phys. Rev. A 65,032323 (2002).
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Dynamics of quantum correlations
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Dynamics of quantum correlations
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Dynamics of quantum correlations
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Asymptotlc Discord - PT line
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Dynamics of quantum correlations

Asymptotic Discord
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Physical interpretation

Discord Generation (~clear..)

Coupling

) (o
o) = [na)y, n<1 )
[ a2’ P(a’) o/ (o’

Purity unaffected Beam splitter ® Purity diminished
® Superposition of non
orthogonal states

S. Haroche and J.-M. Raimond, Exploring the Quantum: Atoms, S. Haroche and J.-M. Raimond, Exploring the Quantum: Atoms, S. Scheel and A. Szameit, Euro Phys. Lett. 122, 34001 (2018).
Cavities, and Photons (Oxford University Press, 2006). Cavities, and Photons (Oxford University Press, 2006). N. Korolkova and G. Leuchs, Rep. Prog. Phys. 82,056001 (2019).




Physical interpretation

Discord Generation (~clear..)

po = |agac| @ |lapXaL|

v v

/ 20 P(A0) |l (6] @ [d) ) (@) ]
N. Korolkova and G. Leuchs, Rep. Prog. Phys. 82, 0560
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Physical interpretation

Discord Generation (~clear..) ... & stabilisation (~?)

po = |agac| @ |lapXaL|

¥ {v .r\f\f
[ P s 1 1a,)(a “zi\,

&

/d? L P(al) [k ® [ndl ) (nd),
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Physical interpretation

Discord Generation (~clear..) ... & stabilisation (~?)

po = |acoa| @ |ap ) ar|
Ina L — L or

* * (i — (& system

/ 26 P(a0) [al) (6] @ @) ) (&) Stable Quantar

N. Korolkova and G. Leuchs, Rep. Prog. Phys. 82,056001 (2019). e I a
Stable Quantum

/dZ&/GP(&/G) |5/G><5/G| Y |775/L><77&L| Correlations
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Highlights

Quantum properties of PT symmetric system

For equal gain and loss rates Quantum Correlations (QCs)
decay In the exact phase and are in the phase

Gain: creation of QCs. Gain/Loss: stabilisation of QCs

U Sefu I fO r Q u antu m TeC h n O I Og ieS G. Adesso, T. R. Bromley, and M. Cianciaruso, J. Phys. A: Math. Theor. 49, 473001 (2016).
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> re m Ot e S't a't e p re p a r at i O n B. Dakic, Y. O. Lipp, X. Ma, M. Ringbauer, S. Kropa;s;;?el;},lss. .%?rgég.(ggigik, V. Vedral, A. Zeilinger, C. Brukner, and P. Walther,
> e n t a n g I e m e nt aCt |Vat I O n M. Piani, S. Gharibian, G. Adesso, J. Calsamiglia, P. Horodecki, and A. Winter, Phys. Rev. Lett. 106, 220403 (2011).

> e n t a n g I e m e nt d i St ri b Ut i O n C. E. Vollmer, D. Schulze, T. Eberle, V. Haendchen, J Fiurasek, and R.Schnabel, Phys.Rev.Lett.111, 230505 (2013).
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