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WI I’ I’ Quantum Simulation

Symmetry guidelines for answering:

1. Q-Control

Il. Q-Simulation

I, Algorithms when is a quantum hardware universal?
IV. Applications interplay of controls and coupling architecture

Outlook
Condlusions when can quantum system A simulate system B ?

in particular: least state-space overhead

what are the reachable sets under collective
controls?

More generally:
what are the reachable sets in open systems?
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1. Q-Control . . . . . .
B Hamiltonian components: Ho = Ho + >, uiH; in p = —i[Ho, p]

Theory Made Easy

Il. Q-Simulation

m vertices: controls = pulses (type-wise joint local actions)
M. Aplications m edges: drift = couplings (Ising-zz; Heisenberg-XX, XY, XXX)
Outlook m system algebra ¢ := (iHp, iH;|j=1,2,..., M)

Conclusions

IIl. Algorithms
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I Getting All Symmetries
I’ I’ I’ I’ quant-ph/0904.4654 & 1012.5256

1. Q-Control
B Consider closed control system with ¢ = (iH, ) je

Theory Made Easy

Il. Q-Simulation

IIl. Algorithms

Definition

IV. Applications
Outiook The symmetry of the Hamiltonians {/H, } is expressed by

Conclusions the centraliser (or commutant) of ¢ in su(N)
¢ :={sesuN)|[s,H,]=0 VYwv=d;1,2,...,m}.

It collects all constants of motion under K = (exp ¢).
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Basics Control system * with algebra ¢t = (iH, |[v =d;1,2,...,

Theory Made Easy ’

il- G-Simulation coupling graph to Hy connected
Ill. Algorithms / . e
. Applications no symmetry (¢’ trivial)
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1. Q-Control Control system ¥ with algebra ¢t = (iH, |v = d,1,2,..., M)e.

Basics

Theory Made Easy

Il. Q-Simulation coupling graph to Hy connected
Ill. Algorithms no symmetry (¢’ trivial)
IV Applications itself neither of orthogonal nor symplectic type

Outlook
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ﬁr Algorithm
I’ I’ I’ I’ arXiv: 1012.5256

1. Q-Control

:hwy S Algorithm : Check for conjugation to so(N) or sp( g)
for n-qubit drift and control Hamiltonians {iHy; Hi, ..., Hm}

IIl. Q-Simulation

11l Algorithms 1. For each Hamiltonian H, € {Hy; Hy, ..., Hm}

determine all non-singular solutions to the homogeneous linear eqn.

Sy = {S € SL(N)|SH, + HLS = 0} = ker (H, ® 1+ 1® H,)

IV. Applications
Outlook
Conclusions 2. Check intersection of all sets of solutions

S=, S

if SS = +1: £ C so(N)
ifSS=—1¢Csp(y)

if S ={}:¢tof othertype

Complexity O(N®), as in Liouville space N? equations
have to be solved by LU decomposition.
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I’ I’ I’ I’ arXiv: 1012.5256

Theorem

1. a-Control Let{H,|v=d;1,2,...,m} be drift and control
Hamiltonians of control system % with system algebra t.

Theory Made Easy

Il Q-Simulation Define ® 45 := {(iH, @ 14+ 15 ® iH,) |v =d,1,...,m}.
IIl. Algorithms
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Theorem

1. a-Control Let{H,|v=d;1,2,...,m} be drift and control

S Hamiltonians of control system 3 with system algebra t.
Il. Q-Simulation Define ® 45 := {(iH, @ 14+ 15 ® iH,) |v =d,1,...,m}.
IIl. Algorithms

IV, Applications Then % is fully controllable, i.e. ¢ = su(2"), iff

it m joint commutant to ® 5 is two-dimensional

Conclusions o
i.e. dp = {1, SWAP4p}.



ﬁI Controllability
I’ I’ I’ I’ arXiv: 1012.5256

Theorem

\ 0-Control Let{H,|v=d;1,2,..., m} be drift and control
= Hamiltonians of control system 3 with system algebra t.
Il @S s Define 5 .= {(iH, @ 1+ 1g® iH,) |v =d,1,...,m}.
IIl. Algorithms
IV, Applications Then % is fully controllable, i.e. ¢ = su(2"), iff
Outlook m joint commutant to ¢ 5 is two-dimensional
Gonelusions i.e. ®,5 = {\1,SWAPg}.
[(DAB] = [Symmetric]bosonic 2] [anﬁ'symmetric] fermionic
su(2)
Sp(2):]-sp(8)

50(9) ¢=50(16)  51(16)

s0(10)



W m Controllability Made Easy I

>L|e

Control system ¥ with algebra ¢t = (iH, |v = d,1,2,.
1. Q-Control

Sl coupling graph to Hy connected

Il. Q-Simulation . .

. Agoritms no symmetry (¢’ trivial)

IV. Applications t itself neither of orthogonal nor symplectic type
Outiook if nodd (and n < 15) = done: ¢ = su(2")

Conclusions

B ¢ must include max. orthogonal and symplectic types
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Control system ¥ with algebra ¢t = (iH, |v = d,1,2,..., M) .

1. Q-Control

o e coupling graph to Hy connected
b @A no symmetry (¢ trivial)
y 2?;:;:; t itself neither of orthogonal nor symplectic type
Outiook if nodd (and n < 15) = done: ¢ = su(2")
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ﬁI Quantum Simulability
I’ I’ I’ I’ arXiv: 1012.5256

1. Q-Gontrol Let ¥ 4, Y g be control systems with irreducible system
algebras t 4, tg over a given Hilbert space H. Then

> 4 Simulates Y g < tg is a subalgebra of ¢4,
IIl. Algorithms

IV, Applications > 4 Simulates ¥ g irreducibly with least overhead in 'H
Outiook & tg is an irreducible subalgebra of t4 and for any
Conclusions irreducible ¢, with ¢4 Dt Dtg one has =t or t|=tg
or both.
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I’ I’ I’ I’ arXiv: 1012.5256

1. Q-Control Let > 5, X g be control systems with irreducible system

IQsSimulaton algebras tp, g over a given Hilbert space H. Then

Y 5 Simulates ¥ g < tg is a subalgebra of ¢4,

:3 2?;:;:; > A Simulates ¥ g irreducibly with least overhead in H

Outlook < tg is an irreducible subalgebra of ¢4 and for any

Conclusions irreducible ¢, with €4 Ot Dtg one has ¢ /=ta or t/=tg
or both.
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ﬁl Quantum Simulation
I’ I’ I’ I’ arXiv: 1012.5256

system type fermionic bosonic system alg.

1. Q-Control n-spins-% no. of levels order of coupling

Il. Q-Simulati ic (i

Emiem::‘ualon ' XX O XX O o O n quadratic (i.e. 2) - so(2n+1)
i G n+1 quadratic (i.e. 2) - so(2n+2)
IIl. Algorithms

IV. Applications fornmod 4 € {0,1} n upton —

Outlook for nmod 4 € {2,3} n - upton

Conclusions n upton upton

NB: no. of spins maps into no. of levels (as in Jordan-Wigner transformation).
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system type

I. Q-Control n-spins-

fermionic bosonic system alg.

Il. Q-Simulation

XX XX
Efficient Sim. ®—O—0O-

Collective Controls

XX XX
IIl. Algorithms ' O O T

IV. Applications
Outlook

Conclusions

no. of levels order of coupling
O n quadratic (i.e. 2) - so(2n+ 1)
n+1 quadratic (i.e. 2) - s0(2n+ 2)
fornmod 4 € {0,1} n upton -
fornmod 4 € {2,3} n - upton
n upton upton

NB: no. of spins maps into no. of levels (as in Jordan-Wigner transformation).
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fermionic bosonic

system type system alg.

1. Q-Control n-spins-% no. of levels order of coupling

Itﬁg;:is:?"elation .&Oﬁo L O n quadratic (i.e. 2) - so(2n+ 1)

CQHEC“VSC_WO‘S '&O&O L n+1 quadratic (i.e. 2) - s0(2n+ 2)

IIl. Algorithms

IV. Applications Oﬁ'&O e

Outlook fornmod 4 € {0,1} n upton - s0(2")
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Conclusions
® XX XX OO n upton upton su(2")

NB: no. of spins maps into no. of levels (as in Jordan-Wigner transformation).
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Consider:
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1. Q-Control

IIl. Q-Simulation ConSider:
I, Algorithms linear control system: x(t) = Ax(t) + Bv

Concept

ot bilinear control system:. X(t) = (A+ X u4B)X(1)
e.g.: Ham. quantum system U(t) = —i(Ha + 3=; yH)) U(t)
open quantum system F(t) = —(iadp, —H'z]- U ade +T)F(b)

r:
Results IV: Hybrids
IV. Applications

Outlook

Conclusions

Conditions for Full Controllability:
in linear systems: rank [B, AB, A%B, ... ,AN-1B] = N
in bilinear systems: (A, B;j|j=1,2,..., M) = £ = su(N)
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loops
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Wm Time-Optimal Quantum Control

with F. Wilhelm, M. Storcz

Goal: realise timeoptimal CNOT on 2 coupled charge qubits

1. Q-Control
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E,
+ (0 @o)
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Hcontml = (?anZ + Ec1 ng1) (09) ® ])
E,
+ (?mnm + E02ng2) (1®09)

NB: components {Hy + Hg, Hc} form minimal generating set of su(4).
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Wm Time-Optimal Quantum Control

m Symmetry: real symmetric Hamiltonians

| G G = palindromic controls for self-inverse gates (CNOT)
T a— = composed of cos Fourier series

A y— = Cauer synthesis by LC elements (no resistive R)
et - 11

R |z, Eé:
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PRA 75, 012302 (2007)



Wm Examples of Quantum Control

Goal: TOFFoOLI gate on 3 linearly coupled charge qubits
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maximise quality function subject to equation of motion
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Conclusions

3. non-pure state p=—iady (p) € Bi(H)

4. projective gate Ady = —iady o Ady € U(Bi(H))
m Master equations of dissipative dynamics

3. non-pure state  p=—(iady +T) (p)

4. contractive map F = —(iady +T)o F € GL(B1(H)
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B CNOT under System-ll: comparison of methods
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r Control of Non-Markovian Open Systems

with P. Rebentrost and F. Wilhelm

Model:
qubit coupled to a two-level fluctuator coupled to a bath

H:H3+H/+HB

B Hg = E(t)o; + Aox + Eorz + Noz1;
B Hy = \i(rt b+ 7 b))
m Hg =Y hwibl b;
Ohmic bath spectrum: J(w) = 32; 325(w — w;) = kwO(w — we)

couplings A;, damping «, high-freq. cut-off w¢

PRL 102 090401 (2009)
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Control of Non-Markovian Open Syst
W ontrol of Non-Markovian Open Systems

with P. Rebentrost and F. Wilhelm

Gate error

<—RABI pulse
«—cut error by factor < 10
with optimal control

— Penalty --- Rabi —— opt. ]

PRL 102 090401 (2009)
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Il. Q-Simulation

IIl. Algorithms
IV. Applications Ad (t)
00000 )~ WO W)
Outlook I-ISEltrB e ltrB
Conclusions
Fse(t)
0 t
PSE ( ) Markovian PSE( )
v e
Fs(t)
ps(0) S ps(t)

non— Markovian



Lindbladians Generate (Lie) Semigroup

I
I’ I’ I’ I’ Rep. Math. Phys. 64 93 (2009)

1. Q-Control Consider: controlled system with time dep Lindbladians {£,(t)}
Il. Q-Simulation .
X=—Ly(t)X = —(iHy + izj u(t)H; +T)X

IIl. Algorithms

IV. Applications
Outlook Lindbladians {£,} form

Conclusions m Lie Wedge o



Lindbladians Generate (Lie) Semigroup

I
I’ I’ I’ I’ Rep. Math. Phys. 64 93 (2009)

1. G-Control Consider: controlled system with time dep Lindbladians {£,(t)}

Il. Q-Simulation

111. Algorithms X = *LU(t)X

IV. Applications

Outlook Lindbladians {£,} form
Conclusions ™ L/e Wedge o

m Lie semialgebra w, if {L£,} BCH compatible with ro



Lindbladians Generate (Lie) Semigroup

I
I’ I’ I’ I’ Rep. Math. Phys. 64 93 (2009)

1. G-Control Consider: controlled system with time dep Lindbladians {£,(t)}

Il. Q-Simulation

111. Algorithms X = *LU(t)X

IV. Applications

Outlook Lindbladians {£,} form
Conclusions ™ L/e Wedge o

m Lie semialgebra w, if {L£,} BCH compatible with ro

i.e. Lj*Lk = Lj+Lk+%[Lj,Lk]+---€m



Lindbladians Generate (Lie) Semigroup

I
I’ I’ I’ I’ Rep. Math. Phys. 64 93 (2009)

1. @-Control Consider: controlled system with time dep Lindbladians {£,(t)}

Il. Q-Simulation

111. Algorithms X = *LU(t)X

IV. Applications

Outlook Lindbladians {£,} form
Conclusions ™ L/e Wedge o

m Lie semialgebra w, if {L£,} BCH compatible with ro
i.e. Lj*Lk = Lj+Lk+%[Lj,Lk]+--- €t

then {e~t%er | t > 0} physical at all times.



Lindbladians Generate (Lie) Semigroup

I
I’ I’ I’ I’ Rep. Math. Phys. 64 93 (2009)

1. -Control Consider: controlled system with time dep Lindbladians {£,(t)}

Il. Q-Simulation

111. Algorithms X = *LU(t)X

IV. Applications

Outlook Lindbladians {£,} form
Conclusions ™ L/e Wedge o

m Lie semialgebra w, if {L£,} BCH compatible with ro
i.e. Lj*Lk = Lj+Lk+%[Lj,Lk]+--- €t
then {e~t%er | t > 0} physical at all times.

m Else {e ' |t > 0} unphysical except t = 0; t = . etc.
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IV. Applications m A channel is (time dependent) Markovian, iff there is

representation T = e “1e~%2 ... e so that the
L1,Lo,...,Lr generate a Lie wedge to,.

Outlook

Conclusions

m Moreover, T specialises to time independent form, iff
its Lie wedge v, specialises to a Lie semialgebra.

Complements recent work: Wolf,Cirac, Commun. Math. Phys. (2008) & Wolf,Eisert,Cubitt,Cirac, PRL (2008)
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m WH-condition for open systems:
<in7 II_I/ |.I = 1723 s m>Lie = 5u(N)
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IV. Applications Reach PO = OU(PO) = {Upo UJr ’ U S SU(N)}

Outlook

Conclusions

m open fully H-controllable systms:
Reach pg C {p € pos1 | p=po}

m open systems satisfying WH-condition:
parameterisation involved, key: Lie semigroups
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- @-Control m satisfies WH-condition with :

A:=H;+Tgy, B:=uHy,and 'y :=diag(1,0,1)

IIl. Q-Simulation
IIl. Algorithms
IV. Applications

m Lie wedge:
Outlook

sin(0) Hy
Conclusions g = <H,V> ® _Rg_ conv { |:COS(9):| ’ |:"F’Z:| ’ b€ R}
1
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1. Q-Control A:=H,+Tgy, B:=uHy,,and 'y :=diag(1,1,2)
Il. Q-Simulation .

Ill. Algorithms m Lie wedge: 2205‘(';((%)) s
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W m Exploring Reachable Sets .

1. Q-Control

Il. Q-Simulation

1. Algorithms m closed controllable systems:
IV. Applications Reach pg = Oy(po) := {Upo Ut |U € SU(N)}
Outlook

Conclusions m open fully H-controllable systms:

Reach pg = {p € pos1 [ p=po}

m open systems satisfying WH-condition:
Reach pg = Svec pg where
S=c¢fefe...cf with A, As, ..., Are
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su(2)
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Controllability
Simulability

DYNAMO Modular Platform
e ready to use: http://glib.org

Lie Semigroups

e as new unifying framework for open systems
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Wm Sum up for the Quantum Engineer

1. Q-Control Design Rules

Il. Q-Simulation

Il. Algorithms Foran n spin—% system with a connected coupling graph
IV. Applications and no symmetries to be fully controllable it suffices that
Outlook
Conclusions (1) the coupling is Ising-ZZ and each qubit belongs to a
S type that is jointly operator controllable locally,
(2) the coupling is Heisenberg-XXX and a single qubit
is controllable locally,
(3) the coupling is Heisenberg-XX and one adjacent
qubit pair is fully operator controllable (su(4)).
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Original Principle:

o contal Code logical qubits in decoherence-free physical levels

1 G-Simuaton m master equation: p = —(iady +I)p
B m DFS: eigenspace to ' with eigenval =0 (Bell states 5)

g' :"pk"““"”s m Express H = ady in eigenbasis of I (here 4 qubits)
utiool

Conclusions

= M

256 x 256 64

H.,. — H,

m Task: perform calculation (e.g. CNOT) within DFS

Zanardi, Rasetti, PRL 79 (1997), 3309.
Lidar, Chuang, Whaley, PRL 81 (1998), 2594.
Viola, Knill, Lloyd, PRL 82 (1999), 2417; 83 (1999); 4888;85 (2000),-3520.
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B 1 logical qubit coded by 2 physical qubits in Bell states

1. Q-Control

I Q-Simuation 0)r = [¥7) = J5(101) +[10)) , [1)L:= &™) = J5(|01) —[10))
B:

= span {[*) (E], [6F) (6* ]}

IV. Applications
Outlook

B 2 |ogical qubits coded by 4 physical qubits
35(l01) +110)) 35(l01) +110))

Conclusions
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Wm Control of Markovian Open Systems

B 1 logical qubit coded by 2 physical qubits in Bell states

1. Q-Control

Il. Q-Simulation |O>L = |¢+> T(|O1>+|10>) ‘ >L = |¢_> = %(|01> - |10>)

IIl. Algorithms
B := span {|{=) (Y], [T ) ([}

IV. Applications
Outlook

B 2 logical qubits coded by 4 physical qubits

Conclusions

22(01) + [10)) 22(01) + [10))
° (=
1-(01) — [10)) 1-(01) - [10))

B protection against T, relaxation (Redfield: I ~ [Z2Z,[ZZ, p]])
because [p,ZZ] =0 V peB®B
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B controls

(Z -Z) (Z -Z)
1. Q-Control
Il. Q-Simulation . . . .
IIl. Algorithms
IV- Applications W drift: Ising (ZZ) and Heisenberg (XX) interactions
Outlook
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IIl. Algorithms
bRl B drift: Ising (ZZ) and Heisenberg (XX,XXX) interactions
(c)z:::;ons System-1 XX V4 XX
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Wm Control of Markovian Open Systems

B controls
1. Q-Control (Z 72) (Z 7Z)

II. Q-Simulation . . ‘ .

IIl. Algorithms

IV. Applications

Outlook W drift: Ising (ZZ) and Heisenberg (XX,XXX) interactions
Gondlusions System-l XX zZ XX

Al
® ® @ ®

A2

S System-ll (2 Hz) XX (1 Hz) XXX (2 Hz) XX

B relaxation (7, ' : 7, ' =4.0s71:0.024s "~ 170 : 1)
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1. Q-Gontrol B System-l: staying within slowly-relaxing subspace

Il. Q-Simulation

e drift Hamiltonian Dy with Ising-ZZ

IIl. Algorithms

IV. Applications e controls C; 2

Outlook

Conclusions D1 = JXX (XX][] + Tlixx + yy][l + ][lyy) + JZZ 1zz1
Ci = zIll-1z11
Co = Mlzl—111z.

= <D1 ) C1 ) CZ Lle = 5u(4)

‘B@B

e Liouville subspace B @ B of Bell states
spans states protected against T»>-relaxation
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Wm Control of Markovian Open Systems

B System-ll: driving outside slowly-relaxing subspace
1. G-Control e drift: extended to isotropic Heisenberg-XXX

Il. Q-Simulation

Ill. Algorithms Dy + D5 = Jyy (xX]ll + 11xx + yy11 + 1]lyy)
IV. Applications +nyz (]IXX1+ ]lyyl+122]l)

Outlook

Conclusions e Lie-algebraic closure: in 66-dim. Lie algebra

dim((Dy + D5), Cy, Ca)iie = 66 [2 s0(12)]
e su(4) merely subalgebra

dim(Dy, Cy, Co)1ic = 15
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Wm Control of Markovian Open Systems

System-Il:
 oCont B full controllability within slowly-relaxing subspace
. Q-Contro

II. Q-Simulation [ ] Observation

IIl. Algorithms

e_i”C‘ (D1 +D2)ei7r01 = D1 *Dg

IV. Applications

Outlook
e Trotter limit

Conclusions

lim (e_i(D1'*‘[)2)/(2'7)9—/(01—Dg)/(2n))l"l:e_,'D1

n—oo

e reduction of dynamics

infinite # switchings

System-ll System-|
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Wm Examples of Quantum Control

Typical: system drives outside protected subspace

1. G-Control no relaxation with relaxation (7>, T)
Il. Q-Simulation 1 = 1F==========T=====
IIL. Algorithms — relax.~opt.
IV. Applications '-\'-: 0.9 0.9
Outlook 2 0.8 08
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_— Control of Non-Markovian Open Systems
i

with P. Rebentrost and F. Wilhelm

Model:

1. Q-Control
qubit coupled to a two-level fluctuator coupled to a bath

Il. Q-Simulation
IIl. Algorithms
H= Hs + H;+ Hg

IV. Applications
Outlook

Conclusions B Hs = E{(t)oz+ Aox + Eoz 4+ Noz72

B H =Y \(rt b+ 7 b))

m Hg =Y hwibl b;

Non-Markovian Ohmic bath spectrum: J(w) = 32; 325(w — w;) = kwO(w — we)

A3
couplings A;, damping «, high-freq. cut-off w¢

PRL 102 090401 (2009)
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m The set of all time-independent Markovian CP-maps
o — coincides with the set of all (infinitely) divisible
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e m The set of all time-dependent Markovian CP-maps
coincides with the closure of the set of all
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Observe: semigroup structure

1. Q-Control

Reach(1, t;) o Reach(1, t,) = Reach(1,t; + ) Vt, > 0

m A subsemigroup S C G of a Lie group G with
algebra g contains 1 and follows SoS C S. Its
largest subgroup is denoted E(S) :=SNS~'.

m Its tangent cone is defined by

Il. Q-Simulation
IIl. Algorithms
IV. Applications
Outlook

Conclusions

L(8) :={7(0) [v(0) = 1, ~(t) € S, t = 0} C g,

for any v : [0,00) — G being a smooth curve in S.
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Wm Lie Semigroups

Definition (Lie Wedge and Lie Semialgebra)

1. Q-Control

Il. Q-Simulation

Il Algorithms m A wedge w is a closed convex cone of a finite-dim.
Vi At real vector space.

Outlook m Its edge E(w) := wN-w is the largest subspace in tv.
Conclusions - E omoan B 1o o q g
m ltis a Lie wedge if it is invariant under conjugation
6% (v) = eIwe 9 = 1
for all edge elements g € E(w).

m A Lie semialgebra is a Lie wedge compatible with
BCH multiplication X * Y := X + Y + 1[X, Y] +...
so that for a BCH neighbourhood B of 0 € g

(mNB)x(wNB)er.
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Wm GKS-Lindblad Operators as Lie Wedge

Define as completely positive, trace-preserving invertible
\ 0-Control linear operators the set PP, and let Pg” denote the
Il. Q-Simulation connected component of the unity.

IIl. Algorithms

IV. Applications

Theorem (Kossakowski, Lindblad)

Outlook
The Lie wedge to the connected component of the unity

of the semigroup of all invertible CPTP maps is given by
the set of all linear operators of GKS-Lindblad form:

Conclusions

A3

Markoviantity, Divisibility | L PCP = _L: L: = — IadH +rl_ Wlth
0

Lie ps
GKS-Lindblad Gen.
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Wm GKS-Lindblad Operators as Lie Wedge
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I1L. Algorithms Theorem
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The semigroup
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Conclusions

T _msgpg’

generated by L(Pf)p) is a Lie subsemigroup with global
Lie wedge L(T) = L(Py’).

indbla
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S the union of all one-parameter Lie semigroups
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1. Q-Control

IIl. Q-Simulation
IIl. Algorithms
IV. Applications CoroIIary
Outlook

A quantum channel is time dependent Markovian iff it
allows for a representation T = [];_ S;, where
Si=e*1,S =e*%,...,5 = e * sothat there is a
global Lie wedge v, generated by L1, Lo, ..., L.
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1. Agoritims Let T = []j_, S; be a time dependent Markovian channel
IV. Applications with Sy = e %1,S, =e*%2,...,S, = e “ and letw,
Outiook denote the smallest global Lie wedge generated by
Conclusions L1,Lo,...,Lr. Then

m T boils down to a time independent Markovian
channel, if it is sufficiently close to the unity and if
—r—— there is a representation so that the associated Lie

Lie Semigroups

GKS Lindbiad Gon wedge v, specialises to a Lie semialgebra.
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Complements recent work: Wolf,Cirac, Commun. Math. Phys. (2008) & Wolf,Eisert,Cubitt,Cirac, PRL (2008)
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W I I’ I’ Effective Liouvillians

Consider: controlled system with time dep Liouvillians {£,(t)}
X =—Lu()X

Il. Q-Simulation 1

1. Q-Control

IIl. Algorithms

IV. Applications

Outlook \ > m:T1 S
Conclusions y N
s 3
Liouvillians £, form Lj# Ly =L+ L+ 3[Lj, L]+ €
was;bwli(y 1 — | | Lle Wedge 0

m Lie semialgebras C v if {£,} BCH compatible with o
then {e~tet |t > 0} physical at all times.
m Else {e % |t > 0} unphysical except t = 0; t = t etc.
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