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Closed system




Closed system




Closed system

Definition:
Can treat system as if it was “alone in the world”,

Closedness is an approximation
(except, perhaps, for the universe itself)

Closedness is convenient!



Closed quantum system
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Closed quantum system

energy
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Closed quantum system
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Closedness
S fragile

N quantum systems. . .



photon

H-atom Is always open!
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Quantum systems
tend to be
eaky. ..

Q71: How to “stop” leaks?

Q2: How to describe open QM systems?






Interacting photons in circuit QED lattices

Reviews:
Houck, Tureci, JK,
Nature Phys. 8, 292 (2012)

Schmidt, JK,
Ann. Phys. 525, 395-412 (2013)
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Interacting photons in circuit QED lattices




cxperimental realization

Andrew Houck
(Princeton U)

2.2mm

add qubits y

32mm

D. Underwood, W. Shanks, JK, A. Houck, Phys. Rev. A 86, 023837 (2012) 15



The Bose-Hubbard model

M.P.A. Fisher et al., PRB 40, 546 (1989)



The Bose-Hubbard model

Z(a}a,‘ + hC) / [aj, aJ‘f] = 6_Uf

1
H= E [ea}faj + EUnj(nj —1)]—-J
J (i)

M.P.A. Fisher et al., PRB 40, 546 (1989)



The Bose-Hubbard model

N
JJU<1: |y~ ]]al0)
j=1

M.P.A. Fisher et al., PRB 40, 546 (1989)



oF to MI quantum phase transition
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Open-System Quantum simulator
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Fig. adapted from S, F. Walker



Dissipative Phase Iransitions

E.M. Kessler et al., Phys. Rev. A 86, 012116 (2012) [Lukin, Cirac]

_ Quantum Phase Transition Dissipative Phase Transition

Hamiltonian
System Operator H

Energy eigenvalues
Relevant Quantit

y Eu : HW}V) — Eu|wv>
Ground state
— i H
- |%0) al(‘ﬁlil 1(¢| 1)
[H — Eo]|1p0) =0

Phase Transition A = E; — Ey vanishes

Lindblad superoperator
L

Complex IL-eigenvalues

Ay Lu, = A\ u,
Steady state

p® = argmin [|Lp|[e:
trp=1

Lp°=0

max|Re A, | vanishes
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Open quantum system

Detector

Photon leakage,

qubit relaxation, ... .
Environment
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Open quantum system

d
Lindolad master eq.  —p = Lp = —i[H, p] + v(apa’ — L{a'a, p})

/

Lindblad damping term
super-operator (relaxation, dephasing etc.) 23



Open quantum system

Challenges for theory:

» worse than exact diagonalization for closed system:
H: NxN = L: N?xN~?

84, 4 resonators (up to 3 photons each) L 16 millions x 16 millions
4 qubits - WANTED: approximation schemes -
d
Lindblad mastereq.  —p = LLp = —i[H, p] + v(apa’ — {a, a,p})

dt



Perturpation theory: open system

Recursion relations ( p-PT)

Eigenvalues: :
() — (w(O)leugnfl)) _ Z )\;(/m) (w&g),uf}”*m))
m=1

Figenstates: Lo — Ay ln) < L Z Alm) g (n=m)

-1 n m=1
ug””) _ _(]LO . )\30)) (]Llu](/n—l) n Z A}(/M)ur(/n—m)>

m=1

Steady state:
A =0 (all orders)

ps = p + aul? + - + aNulY + 0Nt lssue: no guarantee of positivity!




Amplitude Matrix Perturbation Theory

Density matrix is semi-def. positive

= p=(C0 ¢ : amplitude matrix

For positive-definite case: p has unique Cholesky decomposition

and expansion >
&=+ an¢i
n=1

Recursion relations (¢-PT)

C(O) C(O)]T _ p(O) (by Cholesky decomposition)

S

CS(O) C(n)]T + C(n) C(O) (n) Z C(m C(n k’)

(sys. of Imear eqs. for elements of ()



lest: Example System
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Pl drive ~ G(U;_e_iwdt + h.c.)

Hamiltonian A
H = Z {6—&)0‘? + ea”f”] + t Z [a+a— T h C] (in frame co-rotating
: 2 J J 2 J o with drive)
g=1 (3,4")
Master eq.
d treat as

ap — ]Lp — —i[H’ p] + W/Z(g po‘. 2{ o ,p}) perturbation y
J
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Open- System Quantum S|mu|ator
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Approximation schemes for solving
Lindblad master equations

Open circuit QED lattices

Dissipative phase transitions

Research in our group

Design and modeling of
New Sc circuits

Sc circuits with many degrees of freedom

SC circuits insensitive to noise
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