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Open Quantum System
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Open Quantum System:
Effects of environment
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Dynamical evolution...

Kraus operator representation:

ps(t) =22 Ki(t)ps(0)Ki(t)T
with

S K (O)TK; () =
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Dynamical evolution...

Kraus operator representation:

ps(t) = Ki(t)ps(0)K;(t)T
with

> Ki(t)TKi(t) =1

Master equation:

st) — _i[H, ps(t)] + Dyilps(t)]
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Information theoretic measures

Discord
Work deficit

Entanglement-Separability Paradigm

Ent of formation,
Logarithmic negativity

Quantum mutual information: Two inequivalent definitions

I(paB) = S(pa) + S(pB) — S(pasB)

J(pag) = S(pB) — S(pBK

= : : S(psia) = > peS(phis)
D(pag) = 1(pa) — J(paB) ;
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Dunamics under noisy channels

Entanglement usually decays and dies..
Yu & Eberly, Science (2009)
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Entanglement usually decays and dies..
Yu & Eberly, Science (2009)

A

E

Quantum correlations are robust!
Werlang et. al., PRA (2009)
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Entanglement usually decays and dies.. Quantum correlations are robust!
Yu & Eberly, Science (2009) Werlang et. al., PRA (2009)
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Play with the initial state
Maziero et. al., PRA (2009)
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Entanglement usually decays and dies..

Yu & Eberly, Science (2009)
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Play with the initial state

Maziero et. al., PRA (2009)
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Quantum correlations are robust!
Werlang et. al., PRA (2009)
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However other quantum correlation can freeze!
Mazzola et. al., PRL (2010),

Aaronson et. al., PRA (2013),

Cianciaruso et. al., Sci. Rep. (2015)

T. Chanda, AK. Pal, A. Biswas, ASD, U. Sen, PRA 2015
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Freezing of Discord and Its Allies

e e -

o Initial two qubit state: pagB

» Independent local environments act on each qubit
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Initial two qubit state: pan

Independent local environments act on each qubit

Evolution:

pAB (7 ZWAN, K )PABI’AT( K
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Freezing of Discord and Its Allies

o Initial two qubit state: pagB

i
* Independent local environments act on each qubit V‘!‘
» Evolution:

paB(7) =2, K} (VK] (v)papK} "MEE (v)

 Bit-flip (BF), phase-tlip (PF), bit-phase-tlip channels 1:‘

Ko(n \/1 — /21 and K, = \/v/20, .
i

a = 1 (bit-flip), o = 2 (bit-phase-flip), a = 3 (phase-flip)




Initial state > Bell diagonal (BD) state

1 Ay 3 S :
PAB — 4 |:]I/1 X ]IB + Z(le C(IO{(-T;)[ X (Tg:|

Universal for (almost) all the discord-like measures...
Aaronson et. al., PRA (2013), Cianciaruso et. al., Sci. Rep. (2015)
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Initial state > Bell diagonal (BD) state

1 A 3 LK 4
PAB — 3 []IA Qg + Zazl C(xagz X (T%}

Two sets of conditions:
1. co9/c33 = —c11, With |es3] < |e1q]

2. C33/C‘22 —C11 s With ‘022| < ‘Cll‘

Universal for (almost) all the discord-like measures...
Aaronson et. al., PRA (2013), Cianciaruso et. al., Sci. Rep. (2015)
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Freezing of Discord and Its Allies

General two-qubit state (upto LU)

]
PAB = 4[7 XHUJFZ%O(H o

a—1

+ Z Co00 % &'134-2003]_4( O'B]

=1

Discord is hard to computelll
No analytical closed form!!!




Freezing of Discord and Its Allies

BD state + magnetization in x direction°

I . _
PAB = 4 [“ A\ @ 1p + E C aa(jf/)i & UZ’

~ 1 A = Y ].
+ C100 5 Q9 “B -1- (201”11 s O'B]

l Closed form can be found for all
(almost) parameter values

T Chanda, T Das, D Sadhukhan, A K Pal, ASD, U Sen, PRA 92, 062301 (2015)



Freezing of Discord and Its Allies

BD state + magnetization 1n x direction:
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Two sets of conditions: Necessary and sufficient :

Freezing
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Freezing of Discord and Its Allies ;

Two sets of conditions: Necessary and sufficient

HHE

Freezing

_/\

L]
. o U A R A |

(1) (ec22/c33) = —(c10/c01) = —c11
(2) 35 + ¢ <1
(3) F('\/C%3 + C%l) < .F(C.n) + F(Cm) F Cm

[

(1) (e33/co9) = —(c10/c01) = —c11
(2) ¢35 + ¢ <1
(3) F(\/ 3y +chy) < Flenn) + £(cor) —
-1
Fly)=2(H((1+y)/2)—-1) -1
H(a) = —alogoa— (1 —a)lo

1+
'n,;
i
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Universality no longer exists...

One-way quantum work deficit. ..
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Universality no longer exists... ‘;z§
One-way quantum work deficit. ..

Work deficit i
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Universality no longer exists...
One-way quantum work deficit. ..

Work deficit

Discord

Different phase diagram
Different set of conditions

T Chanda, A K Pal, A Biswas, ASD, U Sen, PRA 91, 062119 (2015)
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System: Quantum phases & Critical Lines
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Saturation/Preservation

C(1)
0.7 F¢
0.6 -
05 ¢
04 -
03"
02 -
0.1¢
0.0 =

ASD, Sen, & Lewenstein PRA (Rap. Comm.) 70, 060304 (2004)

Apollaro, Cuccoli, Franco, Paternostro, Plastina, & Verrucchi,
NJP 12, 083046 (2010)
Carnio, Buchlightner, & Gessner, PRL 115, 010404 (2015)
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Saturation/Preservation

ASD, Sen, & Lewenstein PRA (Rap. Comm.) 70, 060304 (2004)

Apollaro, Cuccoli, Franco, Paternostro, Plastina, & Verrucchi,
NJP 12, 083046 (2010)
Carnio, Buchlightner, & Gessner, PRL 115, 010404 (2015)
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Freezing at the beginning of the dynawmics?
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Freezing at the beginning of the dynawmics?

1. Proper choice of system as well as environment {
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Freezing at the beginning of the dynawmics?
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1. Proper choice of system as weli:as environmentP,
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as environmenth:

Environment
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as environmenth:

Environment




Quantum master equation:

] R A NS A
ps = = [Hs: ps] + D(ps)

'\'rd 1

2k io

(=1)'BeBosit+l ~ - ~i+41 -
T, E e\~ PRS00 psig, — {fa, e Ps
S =0
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Quantum spin model

Chanda, Das, Sadhukhan, Pal, ASD, & Sen, PRA 94, 042310 (2016)
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M. Lewenstwein, A. Sanpera, V. Ahufinger, B. Damski, ASD, and U. Sen, Adv. Phys. 56, 243 (’06;

L. Amico, R. Fazio, A. Osterloh, and V.Vedral, Rev.Mod. Phys. 80, 517 ('08).




Raussendor?, R. & Briegel, H. ]. A one-way quantum computer. Phys, Rev. Let!.
86, 5188-5191 (2001).
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One-way quantum computer by using Ising chain:
Cluster state preparation, followed by single qubit
measurement leads to gate implementation; fidelity of
oates =1

quantum computer



Raussendor?, R. & Briegel, H. ]. A one-way quantum computer. Phys, Rev. Let!.
86, 5188-5191 (2001).

One-way quantum computer by using Ising chain:
Cluster state preparation, followed by single qubit
measurement leads to gate implementation; fidelity of

0.02-

a ———— ————
‘0// ~a tl ~ ~a t} % an04d -
W i
- — = csé CE 03 10
g 0.01- Entanglemant .
/// - N v v Yy ¥ r 4 Y -~ e /' - g
///.v/ ‘w - > - ’r —.w > ¥ v _7//—/ E 1=1.25
///- ¥ 7 Yy ¥y - x - - - -
- - - - o - -
X T A v Y _ - y 4 4 s 0.00 ] 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Entanglement

Gate implementations possible in
disordered model; fidelity=0.85

gates =1

ASD, U. Sen, V. Ahufinger, HJ. Briegel, A. Sanpera, & M. Lewenstein
Phys. Rev. A 74, 062309 (2006)
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Raussendor?, R. & Briegel, H. ], A one-way quantum computer. Phys, Rev. Let!. R |
86, 5188-5191 (2001). oo i
0.02- |
a — — L
lo_— ~a J ~ ~a L %0.004« t=20 |
2 -
‘ M \ M | ‘ M \ "o
" < - g oo o
— co cz c4 CE 03 1.9
g 0.01- Entanglemant
/// - v v v A —F -7 ’ E 4 v v /7 o g '?
e e 2 £=1.25 .
T r A ¥ Y _r - - - - v v 0.00 ‘ B . ' ‘ i"
0.0 0.2 0.4 0.6 0.8 1.0
One-way quantum computer by using Ising chain: Entanglement

Cluster state preparation, followed by single qubit ~ Gate implementations possible in

|
{
l 1
measurement leads to gate implementation; fidelity of  disordered model; fidelity=0.85 1
i?

gates :] ASD, U. Sen, V. Ahufinger, HJ. Briegel, A. Sanpera, & M. Lewenstein
Phys. Rev. A 74, 062309 (2006)

Skake Transmission [

: Initially spin chain is in its ground state
Al Bob
- ’” AARASS 22242 {U / in an external magnetic field. Alice and Bob are

,l, at opposite ends of the chain. Alice
aice § (FNNFYEANAHFNKY () A~ Bob places the quantum state she wants to communicate |
on the spin nearest to her. After a while, Bob receives {
S. Bose, PRL 91, 207901 (2003) this state with some fidelity on the spin nearest to him. |
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Inmplementation: Proposals

FHYMICAL RLVILW LLIILILK)Y ZU’AL.'(ZI:;I'.{UU*

VOLUML 91, NUMBLR Y

Controlling Spin Exchange Interactions of Ultracold Atoms in Optical Lattices

.-M. Duan," K Demler,” and M. 1), Lukin® O tl ca I I_attl ces
Mevditute Jor Quarntum Information, Colijornia insitale of Tecinology, me N7-81, Pasadena, Califormia Y1125, USA p

*Phvsics Department, Harvard Univessiry, Cambridze, Massachusetts 02138, USA
(Received 25 October 2002: published 26 August 200%)

We describe a general echnigue Gt allows une W anduce and cuntrol sirong ntezaction belween spin
states of neighboring atoms in an optical larrie We show that the propertics of spin exchange
inleractions, such as magoilude, sign. and anisoleopy, can be desiened by adjusting e opical
polentials, We 1llustrate bow (his lechinique can be used W elliciently “eagineer” quaniumm spin systems
with deired properties, for specific examples rang ing from scalahle quantum compatation to probing 4
model with complex topological veder el supperts exetie anyunie eailglions,

O T PhrysRen 119104904412 PACS murbers: ORTAN I3.67=, 4280, 7133

r K ending
VOLIME 91, NUMRER 7 PHYSICAL REVIEW LETTERS IS‘;:'?(;I‘T:T"?!;}M

I'ntangling Strings of Neutral Atoms in 1) Atomic Pipeline Stroctures

U. Dorner,” P Fedichev,' D. Jaksch.! M. Lewenstein.” and P Zoller'
\Institute for Theoretical Physics, University of Innsbruck, A 6020 lnnsbruck, Austria
Tnstin [utr Theoretisehe Physik, Universiion Hamnover, D-30067 Hunnover, Germany

(Received 6 December 2002; published 14 August 2003)

We study a strimg ol neutral atoms with nearest neghhor mlerachion inoa 1T heam splitler
configuration, whare the longitudinal motion 15 controlled by a moving optical lattice potential. The
dynamics of the atoms crossing the beam splitter maps to a 1D spin modcl with controllable time
dependent parametars, which allows the creation of maximally entangled states of atoms by ¢rossing a
quantum phase transition. Furthermore, we show that this svstem realizes profected guantum memory,

and we discuss e implementation of one- and (wo-qubil gales 1n this selup
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Controlling Spin Exchange Interactions of Ultracold Atoms in Optical Lattices

, b L2
|.-M. Duan," K Demler,” and M. 1), Lukin®
Iexitituie for Quanium Information, California instade of Tectmology, me 007 81, Pasadena, Califormia W125, [I8SA

*Phvsics Departmens, Harvard Universiry, Cambridze, Massachusetts 02138, USA
(Receivend 25 Outober 2002; published 26 August 2001)

Optical Lattices

We describe a general echnigue Gt allows une W anduce and cuntrol sirong ntezaction belween spin

sonbas af wdlahbhasian ainms la an smbieal leesiod M ahicen dhat dha ascmasiios af saln awahaiaca

P RS g p LW TR Q week endinp
PRL 93, 250405 (2004) PHYSICAL RLEVILW LLETILRS 17 DUCLEMBLER 2004

Implementation of Spin Hamiltonians in Optical Tattices

1.1, Garcia-Ripoll," M. A. Martin-Delgado,™* and 1.1 Cirac'
'Max Planck Institut fur Quantenoptik, Hans Kopfermann Str. 1, Garching, D 85748, Germany

Yniversidad Complutense de Madvid, Fac. de CC. Fisicas, Ciudad Universitaria, Madrid, E 28040, Spain
(Received 27 April 2004; puhlishad 75 Decembar 20(11)

We propose an optical lattice setu p to invest 1g‘ e spm Lh'llﬂ) and ladders Electric and magnelw fields

allow us o vary at vall Lhe coupl™—— = —— e s week endin
Ialdane phase, critical phases. qui VOLUMT 91, NUUMRIR 7 P” Y“C Al R F\ [F“ LETTERS IS AUGUST "7}0
eround states can be prepared adia

like energy pap, staggered magnet

S I'ntangling Strings of Neutral Atoms in 1) Atomic Pipcline Structures

U. Dorner,” P Fedichev,' D. Jaksch.! M. Lewenstein.” and P Zoller'
\Institute for Theoretical Physics, University of Innsbruck, A 6020 lnnsbruck, Austria
’In.\liml.,".'(r Theoretivehe Prysik, Universitan Hamnover, D-30167 Hennover, Germany

(Received 6 December 2002; published 14 August 2003)

We study a strimg ol neutral atoms with nearest neghhor mlerachion inoa 1T heam splitler
configuration, whare the longitudinal motion 15 controlled by a moving optical lattice potential. The
dynamics of the atoms crossing the beam splitter maps to a 1D spin modcl with controllable time
dependent parametars, which allows the creation of maximally entangled states of atoms by ¢rossing a
quantum phase transition. Furthermore, we show that this svstem realizes profected guantum memory,
and we discuss e implementation of one- and (wo-qubil gales 1n this selup
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VoLuME 87, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 2001

[on-Trap Quantum Logic Using Long-Wavelength Radiation

Florian Mintert! and Christof Wunderlich?*

'1. Institut filr Theoretische Physik, Universitit Hamburg, Jungiusstrasse 9, 20355 Hambure, Germany
2 Institut ftlr Laser-Physik, Universitdt Mamburg, Jungiusstrasse 9, 20355 [Tamburp, (Germany
(Received 25 Oclober 2000; revised manuscript received 26 June 20015 published 29 November 2001v

A quantum information processoer is proposed that combines experimenta] techmiques and technology
successtully demonstrated either in nuclear magnetic resonance experiments or with trapped ions. An
addilional inhuvmogenenous magnetic field applied o an ion rap (i) shills individual jonic resonances
(qubits), making thcm distinguishable by trequency, and (if) mediates the coupling between intcrnal
and exlernal degrees of [reedumn of rapped ions. This scherne permils vng (0 individually address and
cohcrently manipulate ions confined in an clectrodynamic trap using radiation in the radiofrequency or

Iicrowave regime.
lon Traps

PHYSICAL REVIEW LETTERS week ending

YOLUME 92, NUMBER 20 21 MAY 2001

Effective Quantum Spin Systems with Trapped lons

D. Porrus® und ). 1 Cirac'

Max Planck -Tnsiiinl [iir Quantinopitk, Hons Kopfermenn Sirasse T, Garching, 1) 85748 Germony

(Reecived 16 January 2004; published 20 May 2004)

We show that the physical system consisting of trapped 1ons interacting with lasers may undergo a

rich variety of quantum phase transitions. By changing the laser intensities and polarizations the
d_vna.ums ol the mlernal stales ol the wons can be controlled, 1 such a way that an Ising or Hewseaberg-
Ike mterachon s indoced hetween ellective spins. OQur scheme allows us (o build an analogue quaniom
simulator cf spin systems with trapped icns, and observe and analyze quantum phase transitions with
unprecedented opportunities for the measurement and manipulation of spins,




Quantum simulation of the wavefunction to probe
frustrated Heisenberg spin systems

Xiao-song Ma'?", Borivoje Dakic?T, William Naylor?, Anton Zeilinger'** and Philip Walther"?*
NATURE PHYSICS | VOL 7 | MAY 2011 |
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Quantum simulation of the wavefunction to probe
frustrated Heisenberg spin systems

Xiao-song Ma'?", Borivoje Dakic?T, William Naylor?, Anton Zeilinger'** and Philip Walther"?*
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Scalable Creation of Long-Lived Multipartite Entanglement

. Kaufmann, T, Ruster, C.T. Schmiegelow,' M. A. Luda,’ V. Kaushal, J. Schulz,

D. von Lindenfels, F. Schmidt-Kaler, and U. G. Poschingef
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Quantum simulation of the wavefunction to probe
frustrated Heisenberg spin systems

Xiao-song Ma'?", Borivoje Dakic?T, William Naylor?, Anton Zeilinger'** and Philip Walther"?*
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Scalable Creation of Long-Lived Multipartite Entanglement
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Polar molecules ff

Creation of a low-entropy
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quantum gas of polar molecules
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Implementation: Experiments
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The achieved filling fraction of 25% should enable future studies

oy | of transport &
8 < A% - Y = |
R ) ) | entanglement propagation in a many-body system with long-

range dipolar interactions.
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Freezing at the beginning of the dynawmics?
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ATXY model (Quantum
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A2 =1+ )2 (AFM « PM-),
A2 =22 4 72 (AFM < PM-II).
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High ent in PM-II

T. Chanda, T. Das, D.Sadhukhan, A.K. Pal, ASD, & U. Sen, PRA 94, 042310 (2016)
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| Finite size scaling analysis |
Performed '

T. Chanda, T. Das, D.Sadhukhan, A.K. Pal, ASD, & U. Sen, PRA 94, 042310 (2016)
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| First derivative of ent diverges |
* in critical lines '.
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We analytically found that |
in the factorization surface, :
| the zero-temperature state is doubly degenerate |
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T. Chanda, T. Das, D.Sadhukhan, A.K. Pal, ASD, & U. Sen, PRA 97, 012316 (2018)
T. Chanda, T. Das, D.Sadhukhan, A.K. Pal, ASD, & U. Sen, PRA 94, 042310 (2016)
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Ent is a fragile quantity

Common tbuitkion: decrease with noise
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¢  Ent decreases |
' with temperature

'with the increase of temperature

Nonmonotonic map of ent with temperature
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Open Quantum Sys&em:

Effects of environment
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'Freezing terminal | PM-11 phase

T. Chanda, T. Das, D.Sadhukhan, AK Pal, ASD, & U. Sen. arXiv: 1610.00730



Freezing Terminal:

Scale thvartawnk

T,(,f'"-*- V: Freezin g terminal
for spin pair (i,i+1)
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PM-11I phase

T. Chanda, T. Das, D.Sadhukhan, AK Pal, ASD, & U. Sen, arXiv: 1610.00730




Freezing Terminal:

Scale thvartawnk

T,(,f'"-*- V: Freezin g terminal
for spin pair (i,i+1)
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T. Chanda, T. Das, D.Sadhukhan, AK Pal, ASD, & U. Sen, arXiv: 1610.00730
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Freezing Terminal:
Scale thvartawnk

'r,(,f‘"+ V: Freezin g terminal
for spin pair (i,i+1)
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Freezing Terminal:
Scale thvartawnk
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Quantum discord freezes:
Necessary and sufficient condition
Discord and one-way WD: Different freezing behavior




Ent can detect QPT in ATXY model




Quantum discord freezes:
Necessary and sufficient condition
Discord and one-way WD: Different freezing behavior

Ent can detect QPT in ATXY model

Ent dynamics: Freezing of ent
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